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Absiract 


Tte  ursteaf^  interaction  of  shock  'wscves  emergng  from  the  trailing  edge  of  modem 
turtine  tvwIp.  guide  -var^  and  iirpingjng  on  downstream  rotcx-  blades  is  modeled 
in  a  linpar  rfltyyirlp  Tie  Reynolds  nurrber  based  on  blade  chord  and  exit  conditions 
(5ltf)  and  the  exit  IVfachnunlDer  (1.2)  aieiepesentative  of  nrrxiemer<gine  operating 
cx3nditio(rB.  The  rdati-ve  motion  of  diocks  and  Hades  is  sirniated  by  sending  adxxk 
'WECve  along  the  leading  edges  of  the  linear  cascade  instead  of  moving  the  Hades 
throu^  an  arrgy  erf  staticanaiy  shock  vvaves.  The  Hacie  geernetry  is  a  gprieric  \ecsiGn 
erf  a  modem  turning  rotcr  Hadp  with  transcanic  exit  oonditians.  The  Hade  is 
equipped  with  a  showerhead  film  cooling  scheme.  Heat  fiux,  surface  pressure  and 
surface  terrperature  are  measured  at  six  locations  cn  the  suction  side  erf  the  central 
Pressure  rrEasurements  are  taken  wth  KvLite  XOQ-062-50a  firequeney 
pressure  transducers.  Heat  flux  data  is  obtained  with  HFM-'Y/L  hi^i  speed 

heat  flux  sensors.  High  speed  heat  flux  and  pressure  data  are  recorded  during  the  time 
of  the  shock  impact  with  and  without  film  cooling.  The  data  is  analyzed  in  detail 
to  find  the  relative  magnitudes  of  the  shock  effect  on  the  heat  transfer  coeflftcient 
and  the  recovery  temperature  or  adiabatic  wall  temperature  (in  the  .presence  of  film 
cooling).  It  is  shown  that  the  variations  of  the  heat  transfer  coefficient  and  the  film 


u 


effectiveness  are  less  significant  than  the  variations  of  recovery  temperature.  The 
effect  of  the  shock  is  found  to  be  similar  in  the  cases  with  and  without  film  cooling. 

In  both  tte  variation  of  rexAieiy  temperatnjre  irKiuoed  ly  the  shock  is  shown  to 

be  the  main  contribution  to  the  overall  unsteady  heat  flux. 

The  unsteady  heat  flux  is  compared  to  results  from  different  prediction  models 
piMished  in  the  literature.  The  best  agreement  of  data  and  predictian  is  found  for  a 
model  that  assumes  a  constant  heat  transfer  coefficient  and  a  temperature  difference 
calculated  fromtte  unsteac^  surfece  pressure  assuning  an  isentropic  oonpresaon. 
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Chapter  1 


Introduction 


1.1  Problem  Statement:  Turbine  Blade  Heat 
Transfer 


Eixanonic  as 'well  as  eodlogcal  demands  have  <to\en  the  progress  in  gas  turbane 
devdcprrEnt  over  the  past  60  years.  The  two  goals  most  relevant  to  the  aerothermal 
Hesigner  have  alwE^s  been: 


1.  Higher  cycle  efficiencies 

2.  H^ier  thrust  to  ratios 


A  simple  analysis  of  a  standard  Brayton  cycle  reveals  the  two  most  influential  pa¬ 
rameters  in  the  quest  for  higher  efficiencies: 
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Figure  1.1:  AdvarKae  of  IVfeterials  and  Cboling  'Fbchnology.  Source;  Flqyal 
AercHiautical  Society  /  Aerospace  -  1994. 
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Besides  the  turbine  and  compressor  efficiency  rjt  and  77c  respecti\ely,  thetvMDgpverdng 
parameters  are  the  ratio  of  highest  to  lowest  cycle  temperature  0  and  the  compression 
ratio  n.  An  increase  in  both  will  increase  the  overall  efficiency  rj.  Cbnsequently, 
turbine  inlet  terrperatures  and  oosnpressiQn  ratios  ha\e  increased  dramatically  in 
the  last  decades.  TJhtil  the  early  sixties  the  lindting  factor  for  a  further  increase 
cf  turbine  inlet  terrperature  was  the  availability  of  materials  that  could  ■withstand 
the  thermal  and  mechanical  loads.  The  iirprovement  in  oocJing  techniques,  sudi 
as  internal  coding  using  iirpingng  jets  or  sinnple  convective  coding^  oontiniioifJy 
extendedtheran^cf  feasible  turbine  inlet  terrperatures  (see  Figure  1.1).  Aquantum 
Ipap  -was  achieved  -when  external  ocoling  techniciues  such  as  transfiration  oodmg, 
evaporation  cooling  and  film  cooling  were  introduced  in  the  late  sixties  and  early 
seventies.  Of  all  the  external  cooling  techniques  only  film  cooling  found  a  broad 


2 


acceptance.  The  best  definition  of  film  cooling  was  given  by  Goldstein  (1976)  as  the 
“introduction  of  a  secondary  fluid  (coolant)  at  one  or  more  discrete  locations  along  a 
surface  exposed  to  a,  hi^i  temperature  environiijeiit  to  pjrotect  that  sur^oe  not  only 
intheiiririEdiatere^cnofmjecticnbutalsointhedownstreainr^ofrL’’  RlmooolhTg 

todsy  is  very  ooinrrtjnly  used  in  eaTgjnes  in  a  wide  variety  of  afpHcations. 

While  a  high  pressure  ratio  is  a  desirable  goal  for  the  design  of  high  efficiency 
engines,  its  side  effects  are  high  Reynolds  Numbers  in  the  turbine  and  larger  over¬ 
all  engne  size  aixi  wei^.  The  hi^ier  Reynolds  nuirbers  translate  into  hi^  heat 
transfer  coefficients  and,  therefore,  higher  heat  transfer  rates.  With  the  reduction  of 
adiabatic  weill  temperature  by  film  cooling  the  increase  in  heat  transfer  coefficient  is 
of  secondary  significance.  The  increase  of  weight,  on  the  other  hand,  is  undesirable. 
This  leads  to  the  derxnnd  for  Mgher  thrust  to  weagj±  ratios.  The  same  amount  of  work 
is  to  be  added  to  or  extracted  from  the  flow  with  the  smallest  number  of  stages  and 
the  smallest  overall  size  possible.  While  it  has  been  known  for  a  long  time  that  the 
extraction  or  addition  of  work  in  the  engne  is  inherently  related  to  the  unsteadiness 
of  the  flow  in  the  engine  (Dean  (1959)),  it  has  also  been  shown  that  higher  loading 
higher  levds  of  unsteadiness  in  the  engne  (Gteitzer  (1979)).  Tb  increase  the 
amount  of  work  extracted  from  the  flow  in  an  axial  turbine  three  relevant  parame¬ 
ters  have  to  be  increased:  radius,  rotational  speed  and  circumferential  flow  velocity 
ocmponEnts.  The  didoe  of  radius  and  rotational  speed  are  governed  by  naedianical 
oarstraints  arxi  overall  design  decisions  (nun±)er  of  spools,  overall  engne  size,  radial 
etc.).  Flowvdodties,  on  the  other  hand,  are  a  parameter  to  be  decided  ipon 
by  the  aerodynarric  designer.  Tb  increase  the  circunferential  velocity  ocmponents, 
the  turning  angles  in  stators  and  rotors  have  been  increased  significantly.  Also,  the 
absolute  velocities  have  exceeded  the  sonic  limit.  The  flow  then  features  trailing  edge 
shcxks  emer^ng  fix>m  the  trailing  edgp  of  the  statcxs  and/ or  rotors.  Oi  the  other 
hand,  the  reqiflrement  for  small  dimensicms  has  decreased  the  spacing  between  blade 
rows.  The  flowfield  upstream  of  the  rotor  blade  row  has,  therefore,  become  very 
ixan-uniform:  It  features  trailing  edge  shocks,  distinct  wakes  (little  spacing  between 
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blade  rows)  and  strong  pressure  gradients  (due  to  the  hi^  turning  m  the 

■var^).  The  situation  is  depicted  schematicaDy  in  Figure  1.2.  Fbr  a  rotor  blade  row- 
passing  through  a  flow  field  of  this  kind,  the  non-uniformity  presents  itself  in  the 
form  of  high  fiequency  unsteadiness.  The  ooncem  has  since  then  been  the  predio- 
tion  of  heat  trarsfer  under  -these  unsteacfy-  oonditians.  Analytical,  conputatianal  and 
experimental  efforts  have  been  made  to  approach  this  task. 

The  wDrk  jxesented  in  this  dissertation  is  an  ej^^erirnental  attempt  -to  assess 
the  heat  transfer  effect  of  a  shock  wave  passing  over  a  blade  with  and  without  film 

codling.  Of  aUtheur^teacfy-everits,  thedxxk\\m«isejq3ectedtohavethestrcsngest 
effect  on  the  turbine  blade  heat  transfer  since  it  presents  a  distinct  discontinuity  of 
all  flow  parameters  (velocity,  temperature  and,  most  importantly,  pressure). 


4 


Wakes 


Trailing  Edge 
Shocks 


L 

Figure  1.2:  Schematical  Depiction  of  the  Non-Uniformity  of  the  Flowfield 
Oawnstream  of  a  h/fadem  NGrV  Row. 
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1.2  Literature  Review 


liistead^  phenanena  in  gas  turtmes  have  been  imder  in\esti^Qn  anoe  the 
early  fifties.  The  focus  of  these  early  efforts  was  to  determine  the  effects  of  unsteady 
phenomena  on  the  time-averaged  profile  losses  and  the  overall  effect  on  gas  turbine 

cperation.  The  ptcHem  of  urstea^  heat  transfer  in  a  turbine  due  to  the  interaction 
between  NGV  slxxics  and  wakes  arid  the  rotor  blade  boundary  las^  has  been  under 

investigEition  s^DpxKirnately  since  the  rrid-ei^rties  and  was  initiated  by  the 
work  of  Ddorly  et  al.  (1985)  at  the  Uli^ersity  of  Cbcford  Stooe  then,  a  wide  \ariety  of 

iBsearxh  irKtitutffi  have  ooontadbuted  to  the  rinderstariding  arid  prediction  of  unsteady 
heat  flux  on  a  rotor  blade.  These  activities  do  not  present  a  well  concerted  effort  in 
temB  of  thdr  dironDlo©cal  suooessiQn.  It  is  for  this  reason  that  an  overview  over 
the  last  fifteen  years  of  research  will  not  be  given  in  a  chronological  order.  Instead, 
a  paragraph  will  be  dedicated  to  each  institute  that  has  contributed  significantly  to 

thetofia  The  oixler  of  these  paragrephs  will  be  in  acoordanoe  with  their  degree  of 

relevanc3e  to  the  work  presented  in  this  dissertation. 

In  ttedisciJBsion  two  plysicalpararneters  wifi  be  of  prinnary  interest.  Theheat 

transfer  coefficient  h  defined  as: 


q  =  h-  (2^u,  —  Tvs) 


(1.2) 


In  this  Equation  g  is  the  heat  flux,  is  the  driving  temperature  difference. 

The  second  parameter  of  importance  is  the  film  effectiveness  rf  defined  as: 


x-x 


(1.3) 
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Here  2^  is  the  tenperature  of  the  coolant  and  27  is  the  reooweiy  tenperature  cf  the 
j5:eestream 

1.2.1  Research  at  Texas  A  &  M  University 

Ou  et  al.  (1994)  and  Mehendale  et  al.  (1994)  first  published  results  from  a  low 
speed  linear  turbine  cascade  with  and  without  film  cooling.  They  produced  wakes 
using  a  spoked  "vdieel  rotating  in  fixint  of  the  cascade.  Air  and  CQ  at  fireestream 
tenperature  -were  iBed  by  Ou  et  al.  (1994)  to  vary  the  der^ity  ratio  between  0.97 
(Air)  and  1.48  (OOh).  The  increase  in  heat  transfer  coefficient  observed  when  intro¬ 
ducing  the  wake  disturbances  on  a  blade  without  film  cooling  was  very  significant  on 
the  dowrBtream suction  side.  It  was  attributed  to  an  earlier  transition  and  alonger 
transition  length  caused  by  the  wake  passing  on  the  suction  side.  On  a  film  cooled 
blade  this  effect  could  not  be  observed.  The  introduction  of  film  cooling  increased  the 
heat  transfer  coefficient  significantly  when  compared  to  the  case  without  film  cooling, 
probably  due  to  the  early  tripping  of  the  boundary  lajer.  The  additional  infcrcxiuctian 
of  the  wake  disturbances  did  not  affect  the  heat  transfer  coefficient  severely.  Mehen¬ 
dale  et  al.  (1994)  investigated  the  film  effectiveness  under  the  same  conditions.  The 
influence  of  the  wake  passing  on  the  film  effectiveness  was  small  (largest  values  aroimd 
±5  percent)  and  not  easily  explicable 

Du  et  al.  (1997)  used  liquid  crystals  instead  of  surfeoe  therrnoooiples  to  de¬ 
termine  the  film  effectiveness  and  heat  transfer  coefficients  for  the  same  conditions 
and  were  able  to  replicate  the  results.  The  oondrrsian  fixrmthe  ejperimerts  seems  to 
be  that  the  main  mechanism  for  the  wakes  to  influence  the  heat  transfer  coefficient 
is  by  affecting  the  transitional  behaviour  of  the  suction  side  boundary  layer.  In  areas 
free  of  transitional  features  the  effects  of  the  passing  wakes  were  rather  small. 
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1.2.2  Research  at  Iwate  University 


Funazalci  et  al.  (1996)  investigated  the  effect  of  wake  passing  on  the  time  and 
span  averaged  film  effectiveness  on  a  film  cooled  blunt  body  model  in  a  low  speed  wind 
tunnel.  The  wakes  were  again  generated  by  a  rotating  bar  mechanism.  The  effect  of 
wake  passing  on  the  time  and  span  averaged  film  effectiveness  was  miniscule  except 
for  the  lowest  blowing  rate  condition,  where  the  presence  of  wakes  decreased  the  film 
effectiveness  on  the  downstream  part  of  the  suction  side  by  about  eight  percent.  It  is 
unclear  "what  the  motivafdon  behind  the  research  could  has^  been  sdnoe  actually  it  is  a 
farther  simplification  compared  to  the  experiments  done  at  Texas  A  &:  M  three  years 
earher.  The  use  of  liquid  crystals  for  the  determination  of  film  effectiveness  may  have 
been  an  incentive.  Thxas  A  M  used  this  technique  one  year  later  on  thdr  setip. 


1.2.3  Research  at  NASA  Lewis  Research  Center 

HacinBnn  et  al.  (1997)  p:esented  experimental  wxk  on  a  somewhat  mere 
realistic  model.  An  annular  stationary  cascade  vrith  an  inlet  h^fech  Nurrber  of  0.27 
was  used  to  investigate  the  effect  of  wake  passing  on  a  film  cooled  turbine  blade. 
The  viakES  were  generated  using  a  rotating  bar  mechanism  rotating  tpstream  of  the 
cascade  annulus.  Showerhead  film  cooling  was  applied  through  two  rows  of  holes  on 
both  the  pressure  arri.  suction  ride  and  one  rowin  the  stagnation  hne.  There  was  no 
transition  on  the  suction  side  with  or  without  wake  passing.  The  effects  produced 
by  the  wake  generator  were  twofold  On  the  cjne  hand,  the  presence  of  the  wakes 
generally  increased  mixing  and  therefore  decreased  the  film  cooling  effectiveness  all 
along  the  blade.  On  the  other  hand,  the  wake  generator  also  generated  flow  swirl. 
This  flow  swirl  caused  the  stagnation  line  on  the  rotor  blades  to  move  toward  the 
suction  side,  thereby  causing  the  amount  of  coolant  flow  to  decrease  on  the  suction 
side  and  to  increase  on  the  pressure  side.  This  effect  attenuated  the  effect  of  increased 
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mixing  on  the  pressure  side.  The  decrease  of  film  effectiveness  was  therefore  smaller 

on  the  px'ffisure  ade.  On  the  sixiion  ade  the  decrease  was  mxB  prcoounced  due  to 
this  shift  of  coolant  flow.  Neglecting  the  effect  of  the  swirl  introduced  by  the  waJce 
generator,  the  decrease  of  film  effectiveness  was  not  very  significant.  The  effects  of 
the  wake  pasang  on  the  time  averaged  heat  transfer  were  not  repcrced  It  can  be 
expected,  though,  that  the  effect  will  be  minor  since  the  wakes  do  not  affect  transition 
on  the  suction  side. 


1.2.4  Research  at  Calspan-UB  Research  Center 

In  the  late  seventies,  MG.  Dunn  and  other  researchers  at  the  GalspaivUB 
Research  Oenter  b^an  a  long  series  of  esqseriments  in  a  fuU-sta^  rotating  turbine 
driven  by  a  shock  tube.  An  extensive  list  of  publications  has  resulted  fixam  these 
experirrents.  Film  cooling  has  so  fer  rx>t  been  implemented  Also,  no  shocks  were 
present  in  the  fiowfield  since  the  turbine  stage  was  designed  for  a  relatively  low  overall 
pressure  drcp.  In  1982,  Dunn  et  al.  (1982)  reported  on  time  averaged  heat  transfer 
data  cabtamed  cm  the  stater  var^ar^l  rotor  blade.  After  conparison  with  pedictions 
fer  a  stand  alone  stater  vane,  tl^  found  that  the  presence  of  the  rotor  increases  the 
heat  trarsfer  can  the  stator  vare.  Wth  increasing  fiecjuency  reponse  of  the  thin- 
film  heat  flux  gauges,  it  became  possible  for  them  to  obtain  time-resolved  heat  flux 
measurements.  A  first  attempt  of  analyzing  this  high-speed  data  was  published  in 
Dunn  et  al.  (1986).  It  was  found  that  the  magnitudes  of  the  unsteady  heat  flux 
variatiens  decrease  towards  the  trailing  edge  of  the  rotor  blade.  In  1989  Durm  et  al. 
(1989)  finally  published  fully  phase-locked  heat  transfer  data  taken  on  the  rotor  blade 
ard  the  shroud-  Ffcr  the  droud  rneasuremerits  it  was  shown  that  pessure  and  heat 
flux  time  histories  are  in  phase  and  similar  in  shape.  The  presence  of  trailing-edge 
cooling  ejection  from  the  NGV  had  a  majer  impact  on  the  rmsteaefy  heat  transfer 
in  the  stagnation  r^cn  of  the  rotor  blade  in  that  it  increased  the  magnitudes  cf 
the  fluctuations  by  a  large  factor.  Unfortunately,  no  attempts  were  made  to  model 
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(X  explain  the  ureteacfc^  heat  trars^^  Tie  that  no  pressure  HEasurenEnts 
done  on  the  rotor  makes  it  hard  to  correlate  the  heat  transfer  data  to  flowfield  features. 


1.2.5  Research  at  MIT 

In  1984,  E^Etdn  et  al.  (19&4)  presented  the  new  MTT  Howdown  Tbrtane 
Facility.  In  1989,  Guenette  et  al.  (1989)  published  a  first  set  of  on  rotor  time- 
r^ol\Ed  heat  traiEfer  data  The  rrid  span  section  of  this  rotor  uas  tested  in  a  Imear 
at  the  IMversity  of  Oxford  (see  Section  1.26).  Steady  as  -well  as  unsteady 
pressure  and  heat  flux  data  from  the  full  scale  MIT  turbine  £ind  the  Oxford  linear 
cascade  were  compared  with  reasonable  success.  While  the  flow  field  of  the  turbine 
inhsrently  featured  shodc  ■wa\ES  and  wakes,  these  had  to  be  modeled  with  a  rotating 
bar  mechanism  in  the  rasrade  experiments  (see  Section  1.2.6).  The  ccndusion  fixan 
this  early  work  was  that  data  fiom  the  full  stage  turbine  is  comparable  to  results  fixam 
the  linear  cascade  with  modeled  unsteadiness.  At  this  point  there  was  no  film  cooling 
irivolxEd  with  either  the  cascade  cir  the  rotating  rig  Film  oc)oling  was  intioic^^ 
Oxford  in  1990  (Ri^  et  al.  (1990))  and  at  MTin  1992  by  Abhaii  et  al.  (1994).  A 
time  averaged  pressure  distribution  over  the  blade  was  used  to  numerically  calculate 
the  steady-state  heat  flux  to  the  blade.  The  time  averaged  heat  flux  measured  on  the 
suction  side  wee  12  %  lower  than  the  one  calculated  with  the  steacfy-  code.  Qa  the 
pressure  side  the  measured  heat  flux  was  5%  higher  than  predicted.  Specifically,  the 
decrease  of  heat  transfer  on  the  suction  side  is  a  surprising  finding.  The  effects  of 
unsteady  phenomena  were  linked  to  the  time  history  of  the  blowing  ratio  affected  by 
the  varying  static  pressure  at  the  coolant  exits. 

Abhari  (1996)  later  develcped  an  irgection  model  to  be  inpleraented  with  a 
numerical  sdva:  fca:  time-accurate  resolution  of  the  stator-rotca:  interaction  process. 
The  code  was  validated  with  steady-state  film  cooled  cascade  datajabtained  at  the 
YKI  and  uiEteai^  data  obtained  by  Abhari  et  al.  (1994).  Then  a  clirect  comparison 
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beitwBen  a,  st6a£^  calculaticjn  and  an  unsteac^  calciilation  ■was  dona.  It  showed  that 
the  tine  n^an  heat  trarefer  can  the  suction  side  did  not  diangp  considerably  with  the 
introduction  of  ur^tearfy  pherKjmena.  On  the  pressure  side,  on  the  other  hand,  the 
film  effectiveness  decreased  by  as  much  as  64%.  A  reduction  of  time  mean  coolant 
massflow  due  to  pulsations  and  strong  interactions  with  the  freestream  flow  were 
identified  as  the  primary  causes  for  this  decrease  of  film  effectiveness  on  the  pressure 
ade. 


1.2.6  Research  at  Oxford  University 

The  most  ooirprehensi've  body  of  research  on  the  unsteaefy"  heat  transfer  on  a 
rotor  bladR  due  to  shodc  waves  and  wakes  has  been  establidied  at  the  t&nversity  of 
Oxford.  It  spaiB  fixim  early  rasTRclfi  ejqjerimerhs  with  a  rotating  bar  and  without 
film  cooling  (Doorly  et  al.  (1985))  to  full  scale  experiments  in  a  rotating  rig  (Moss  et 
al.  (1997)). 

Doorly  et  al.  (1985)  were  the  first  to  report  on  high  speed  heat  transfer  data 
in  the  linear  cascade  blowdown  windtunnel  on  a  rotor  blade  without  film  cooling.  A 

contmation  of  shcxks  aixi  wakes  was  created  with  a  rotating  bar  rnechanisrn  rotating 
upstream  of  the  cascade  at  transonic  speeds  relative  to  the  freestream  flow.  Each  bar 
created  a  small  bow  shock  wave,  a  reoorrfxession  shock  wave  and  a  wake  irrpin^ng 
CXI  the  rctcarblacies  in  the  cascade.  Tte  weak  bow  shexk  and  the  lecxxipessicn  shock 
wave  showed  almost  no  signature  in  the  heat  flux  recorded  on  the  suction  side  because 
erf  thek  very  Icjw  strength  The  recxxrpessicin  shock  wave  created  a  srnall  sqjaraticin 
bubble  that  traveled  downstream  alcxig  the  suction  side.  It  caiBed  a  large  spate  erf 
heat  flux  on  its  path.  The  second  contribution  to  unsteady  heat  flux  was  the  wake 
influence  on  the  boundary  layer.  The  turbulence  associated  with  this  wake  rendered 
large  portions  c£  the  boundary  layer  transiticmal,  if  not  turbulent,  fex  the  duration  of 
the  wate  interaction.  It  was  speculated  that  these  turbulent  patches  may  eventually 
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merge  and  that  finally,  the  entire  boundary  layer  may  become  turbulent.  The  way  the 
shock  wake  combination  influences  the  heat  transfer  is  by  affecting  the  transitional 
behavior  of  the  boundary  layer.  EXen  thoj^  the  shock  strength  was  \ery  lew  and 
the  effects  of  shocks  and  wakes  were  strongly  interrelated,  the  study  showed  that  the 
modeling  of  the  unsteady  effects  of  shocks  and  wakes  was  possible  in  a  linear  cascade. 

hi  1968  Johreon  et  al.  (1988)  published  data  aexjuired  with  the  same  settp 
but  different  blades  and  higher  speeds  of  the  rotating  bar.  The  blades  were  a  cas¬ 
cade  iti>del  of  the  rridspan  section  used  in  the  fuU  scale  turl±ie  es^jeriinents  done  ly 

Guenette  et  al.  (1989)  at  MT  (see  Section  1.2.5).  The  speed  of  the  rotatiiig  bars  was 
increased  ham  M  —  0.98  to  M=  1.23  relative  to  the  freestream  flow.  This  increased 
the  strength  of  the  bow  shock  and  the  recompression  shock  significantly.  The  heat 
trarefer  rhip  to  the  actual  shock  impin^nneiit  now  became  the  major  cantributionto 
the  overall  unsteady  heat  transfer.  The  effects  of  the  separation  bubble  were  not  dis¬ 
closed  ary  further.  Inthispaper  arnoclel  isclevdcpedfcartheuristeacfy-heattrarisfer. 
The  baac  equation  of  this  model  — deri\«l  fixoi  the  boundary  layer  ena®^  eejuar 
tion  — is  iHpfnrioal  to  the  one-dimensianal  unsteaefy’  heat  oonductian  eejuation.  The 
gas  ternparature  charigie  is  calcxilated  flam  the  static  surhioe  pressure  measurement 
assurring  an  isentropic  coripressiorL  This  texrperatirre  history  is  used  in  the  soluticsn 
of  the  1-D  unsteady  heat  conduction  equation  to  obtain  the  heat  flux  on  the  surface. 
The  heat  transfer  predicted  by  this  nriethcxi  arxi  the  rneasured  heat  transfer  matched 
fairly  ■well. 

In  1989  Rigby  et  al.  (1989)  published  a  modified  version  of  the  model  first 
pr^ented  in  Johreon  et  al.  (1988).  Lo  this  publication  they  also  provide  a  detailed 
derivation  of  the  modd  equation.  The  basic  assumptions  behind  Ri^by  et  al.  (1989) 
and  Johroon  et  al.  (1988)  are  identical,  and  the  results  of  the  predictions  are  similar. 
The  ejq^eriments  used  for  comparison  •were  done  in  the  same  cascade. 

In  1990  Johrson  et  al.  (1990)  extorded  their  investigation  to  the  pressure 
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side  of  the  sarrE  pfwradp.  Althou^  the  agreeriEnt  between  the  model  devdoped  in 
JohiBon  et  al.  (1988)  in  1988  matched  tte  nEasured  ciata  fairly  wdl  on  the  suction 
side,  it  underpredicted  heat  transfer  on  the  pressure  side.  The  plEnomericn  found  to 
oqjlain  this  discrepancy  was  a  ‘Vortical  Bubble”  traveling  down  the  pressure  side. 
It  is  the  same  phenomenon  that  Doorly  et  al.  (1985)  had  described  as  a  “Separaticn 
Bubble”  found  to  travel  down  the  suction  side. 

Rigby  et  al.  (1990)  first  included  film  cooling  in  the  research  done  in  the  linear 
cascade  at  Oxford  University.  The  effects  of  shocks  and  wakes  on  the  heat  transfer 
with  film  cooling  was  investigated.  The  values  of  film  effectiveness  obtained  with 
the  different  cooling  configurations  were  so  low  that  the  actual  heat  flux  increased 
in  some  regions  on  the  blade  with  the  introduction  of  film  cooling.  The  heat  flux 
signatures  of  both  shocks  and  wakes  that  are  visibly  different  with  and  without  film 
cooling  are  implying  the  presence  of  heat  transfer  modes  different  than  assumed  in 
the  cxDrrpressian/ijnsteacfy  conduction  model. 

After  this  last  atterrpt  to  rit)cM  the  imsteaciy  heat  transfer  in  a  linear  cascacle 
a  new  transonic  turbine  stage  was  put  in  service.  In  1995  Mdss  et  al.  (1995)  repcrted 
the  first  set  of  unsteady  heat  transfer  and  pressure  data  measured  on  the  rotor  of  this 
facility.  No  film  cooling  was  used  at  that  time  and  no  time  average  data  was  presented. 
The  NGV  exit  velocity  of  the  new  fedlity  was  sli^tly  subsonic  so  that  no  shod®  are 
present  in  the  flowfield.  The  unsteady  heat  flux  data  was  compared  to  the  heat  flux 
precficted  usiirg  Johnson’s  oorrpressian/unsteacfy’  conduction  model.  The  agpeerrEnt 
was  relatively  poor.  Assuming  a  constant  heat  transfer  coefficient  and  calculating  a 
tenperature  change  fixrm  the  surface  pressure  data  using  an  isentrqpdc  oonqptession 
modd  resulted  in  a  pEcficted  unsteacfy  heat  transfer  that  compared  far  better  with 
the  measured  heat  flux  data.  The  time  mean  heat  transfer  with  and  without  the 
presence  of  unsteacfy’  phenomena  was  then  expected  to  be  sinrnlar  since  the  unsteacfy 
lyyif-.  transfer  was  diown  to  be  mostly  driven  by  a  variation  in  terrperature,  wiudi  in 
the  presenoe  of  unsteacfy  phenomena  will  vary  around  its  mean. 
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In  1997  Mds  et  al.  (1997)  pxMded  the  px)of  this  aigunnent  by  presenting 

tine  avo^ged  heat  transfer  data 'With  and  \wthciut  the  p:€se!noe  cf -vvahES.  The'waj" 

the  “clean”  inlet  flowfield  was  established  was  by  removing  the  NGV’s  and  spinning 
the  rctor  in  the  direction  cppoate  to  its  design  turning  direction.  The  tiine  avaaged 
heat  flux  data  was  nearly  identical  for  both  cases.  This  was  highly  unexpected  given 
the  wide  variety  of  different  observations  mentioned  above. 


1.2.7  Research  at  Virginia  Tech 

At  Virginia  Tfech,  research  begEin  to  focus  on  unsteady  phencmena  in  turbines 
around  1992.  The  intention  was  to  separate  the  effects  of  shock  waves  and  wakes 
for  analysis.  Doughty  et  al.  (1994)  devdoped  a  system  to  expose  a  linear 

tirrbarK  rotor  cascade  to  riidtipleirxident  shock  \vaves.  The  W3ik\\as  then  pubJidied 
in  Dou^ity  et  al.  (1995).  Mxet  al.  (1997)  rneasured  in  detail  the  pressure  and  heat 
flux  signature  of  a  single  passing  shock  wave  on  several  locations  on  the  blade.  It 
became  clear  that  imsteady  pressure  and  heat  flux  correlated  in  strength  and  shape 
on  all  riEasureinent  locations.  Reid  (1998)  devdoped  a  numerical  code  to  the 
quasi-2D  Navier-Stctes  ecjuations  to  the  poblemof  anormsil  shock  -wave  irrpinging 
Tv-yrnally  on  a  suifeoe  with  boundary  layer.  He  cxmnpared  his  numerical  results  with 
ej^jerirrental  data  fixm  IS5x  et  al.  (1997)  and  foimd  good  agreement  for  the  case  of 
air  at  rest.  The  agreement  between  data  taken  with  the  crossflow  present  and  the 
numerical  results  was  somewhat  less  satisfactory. 

In  Popp  et  al.  (1999)  film  cooling  was  introduced  in  a  similar  setup  with  large 
scale  blades.  In  an  attempt  to  determine  the  influence  of  variations  of  heat  transfer 
coefficient  and  film  effectiveness  during  shock  impingement,  it  was  found  that  neither 
of  them  seemed  to  contribute  significantly  to  the  unsteady  heat  transfer.  The  heat 
trarefer  was  found  to  be  driven  mostly  by  a  variatican  of  terrperature.  The  crign  c«f 
this  temperature  variatican  was  not  explained 
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1.3  This  Work 


WhUe  the  ejqjerimental  researchets  mentioned  atowe  are  fcroed  to  investigate 
eitter  only  -wakes  ac  a  oan±3ination  of  -wakes  and  shocks,  the  setip  at  Vu^nia  Tfech 
allows  for  the  investi^tion  of  the  sheck  interaction  in  isolation.  Therefore,  it  can 
be  seen  as  a  necessary  completion  of  the  research  efforts  described  in  Section  1.2. 
The  possibility  of  measuring  heat  flux  directly  using  \Mdl  HFM-7/L  high  speed 
heat  flux  transducers  allo-ws  a  very  detailed  and  accurate  analysis  of  the  effects  of 
the  shc)ck-bilade  interaction.  In  oondtination  -with  Kidite  XCQ-062-5Cki  hi^  speed 
pressure  transducers  it  is  possible  to  link  the  unsteady  heat  flux  to  aerodynamic  flo-w 
field  phenomena.  With  the  introduction  of  film  cooling  the  size  of  the  blades  had 
■to  be  increased  fixsm  earlier  e5<periments  to  accommodate  all  the  senscrs  necessary. 
Other  advantages  of  this  i:p-scaling  -were  the  reduction  of  the  relati-ve  footprint  of  the 
heat  flux  and  pressure  sensors  and  a  more  realistic  Reynolds  Number  level.  It  was 
decided  to  only  investigate  the  suction  side  of  the  blade  since  the  effect  of  the  shock 
wave  was  expected  to  be  most  significant  at  this  location.  Preliminary  results  were 
obtained -with  only  one  set  of  gauges  on  the  suction  sdda  Thy- are  not  reported  here 
but  are  summarized  in  Pcpp  et  al.  (1999)  in  i^pendix  G.  The  oonduaons  fixjm 
this  set  of  experiments  were  surprising.  The  heat  transfer  coefficient  and  the  film 
effectiveness  were  not  significantly  affected  by  the  shock  impact.  In  order  to  validate 
this  conclusion,  more  measurement  locations  and  different  physical  parameters  had 
to  be  investi^ted 

In  order  to  be  able  to  investigate  the  unsteacfy-  heat  transfer,  some  physical 
peiraraeters  fixxn  a  steacfy  analysis  had  to  be  known.  Section  2  refers  to  the  Ivfas- 
ter’s  Theses  by  Bubb  (1999)  and  Snith  (1999)  for  an  in-depth  description  of  the 
steaj^  state  experirrEntsvtithout  shock  interference  Only  the -vey  basic  irrformation 
necessary  -to  the  understanding  of  the  -unsteac^  investigation  -will  be  gj-ven. 
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Section  3  pccsents  in  detail  tte  investigation  of  the  unsteac^  heat  transfer  due 
to  shock  passing. 
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1.4  Overview 


This  tlKsis  is  divided  into  tvwD  major  parts:  ‘Steady  Ifeat  Tdansfo^’  (Section  2) 
and  “Lteteat^  Best,  Tiransfed’  (Section  3).  The  Section  on  ‘Steady  Best  Ttansfer’’ 

has  been  added  f<r  corrpleteness;  tte  focLB  of  this  AMDik  is  dearly  on  the  unsteady  heat 

transfer.  In  the  Section  “Unsteady  Heat  Transfer”,  two  different  ways  of  analyzing 
the  uTBteacfy-  heat  trarsfer  due  to  shock  passing  are  presented  They  are  referred  to 
as  ‘‘Lfesteady  DeoorrpositiQn”  and  “LXrect  Chnparison”. 

The  VwgiV  idpa  behind  the  analy^  of  unsteacfy  heat  transfer  according  to  the 
technique  labeled  “Unsteady  Decomposition”  is  the  comparison  of  heat  flux  traces 
initiated  at  different  levels  of  heat  flux.  This  comparison  combined  with  a  mathemat¬ 
ical  deoorrposition  of  all  phyacal  parameters  inwoK^d  provides  insi^it  in  the  relative 
magnitude  of  different  contributions  to  the  overall  unsteady  heat  flux.  This  method 
does  not  require  the  measurement  of  static  surfeoe  pressure  on  the  blade,  since  only 
heat  flux  traces  are  needed.  The  pressure  data  was  used  only  as  a  redundant  monitor 
of  the  shock  passing  event,  thing  this  technique,  a  -wide  variety  of  experiments  were 
analyzed.  The  level  of  heat  flux  before  shock  impingement  was  varied  in  three  steps, 
the  strength  of  tte  passing  shock  wave  in  two  steps  and  the  ratio  of  the  total  pressure 
of  the  coolant  and  the  fteestream  total  pressure  in  two  steps  as  well.  This  resulted  in 
twelve  overall  experiments  with  film  cooling  and  six  experiments  without  film  cooling. 
Heat  flux  data  from  five  heat  flux  sensors  was  used  in  the  analysis. 

The  method  labeled  “Direct  Comparison”  was  applied  only  to  two  different 
sets  of  experiments.  Two  experiments  with  and  one  without  film  cooling.  Only  one 
shock  strength  and  one  level  of  initial  heat  flux  were  chosen  for  this  type  of  analysis. 
Also,  only  data  from  two  measurement  locations  was  used  The  models  for  predicting 
unsteady  heat  flux  evaluated  in  this  direct  comparison  all  use  static  surface  pressme 
to  predict  the  heat  flux.  Therefore,  more  care  had  to  be  applied  in  acquiring  and 
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processing  pressure  and  heat  flux  data. 

Each  of  these  methods  required  different  sets  of  experiments,  different  instru¬ 
mentation  and  data  acquisition  and  different  strategies  of  signal  processing.  There¬ 
fore,  Sections  ‘Steacfy  Ifeat  Tfansfei^’  2,  ‘ffnstixiii-EiTtation  and  Data  Acquisition”  3.3 
and  “Signal  Processing”  3.4  refer  to  the  two  different  analytical  methods  even  though 
they  ■will  not  be  introduced,  in  detail  befcxe  Section  “Etesults  and  E^scusaon”  3.5. 
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Chapter  2 


Steady  Heat  Transfer 


2.1  Introduction  and  Problem  Statement 

The  analysas  of  the  unsteacfy  heat  transfer  due  to  the  shodc  passing  event 
required  the  establishment  of  a  cascade  with  well  defined  heat  transfer  characteristics 
with  and  without  film  cooling.  In  order  to  analyze  the  unsteady  heat  transfer  due  to 
shock  iiipdnigement,  the  following  parameters  had  to  be  known: 

•  The  heat  transfer  coefficient  before  the  shock  impact  without  film  cooling. 

•  The  heat  transfer  coefficient  and  the  film  effectiveness  before  shock  impact  for 
the  case  with  the  film  cooled  blade. 

In  this  Chapter  the  experimental  setxp  and  the  pxxBdure  used  to  detemine  these 
parameters  will  be  described  briefly.  For  more  detailed  information  the  reader  is 
referred  to  Bubb  (1999)  and  Smith  (1999). 
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2.2  Experimental  Setup  for  Steady  Experiments 


The  trarfionic  HcMdown  wixitunnel  cf  Virgnia  Tfedi  is  shown  in  Figure  21. 
A  four  redprocating  ocorpTessca:  is  loading  outside  stora^  tanks  with  hi^ 

pressure  air.  Upon  opening  of  the  on/off  valve,  the  air  is  allowed  through  the  system 
cf  pipes  and  the  test  section  and  exhausted  to  the  atmosphere.  The  heater  locp  is 
used  to  heat  up  a  stack  of  copper  tubes  in  the  main  flow  path  prior  to  the  tunnel  run. 
During  the  tunr^  run  the  air  takes  this  stored  heat  fixanthe  cofper  tubes  which  act 
like  a  passive  heat  exchanger.  This  way  the  air  will  be  sigmficantly  hotter  than  the 
blades  in  the  test  section.  This  temperature  difference  is  needed  to  obtain  reasonably 
high  heat  flux  readings  on  the  blade.  The  instrumented  blade  is  shown  in  Figure  2.2. 


Figure  2.1:  H^iBcmic  Howdown  Windtunnel  at  Viig^nia  'Ifedi,  fiximSrrith 
(1999). 


She  measurement  locations  are  stag^red  chordwise  and  spanwise  along  the  suction 
side  (1  through  6  in  the  upper  right  figure).  The  reasons  for  this  arrangement  are 
twofold: 


1.  The  measurement  locations  were  chosen  to  be  on  the  suction  ade  because  the 
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pdssing  shock  was  expected  to  have  the  most  significant  impact  there. 


2.  'TVv^  igps  'w;FtiR  .«=:tf>ggipmri  in  the  ^laiTOdse  dirBCtion  to  avoid  hhe  fioiiiaf- 

fecting  tT¥=>  rt^arHng  r>f  thft  downstream  sensors  by  disturting  the  boundary  la^ar. 
It  was  determined  by  oil  flow  visualization  that  the  flow  over  the  instrumented 
area  is  tMO-dirnensioiial  (see  Bubb  (1999)). 

As  seen  in  tte  Figure,  each  measurement  locaticn  consists  cf  three  sensors;  A  KvLite 
XOQ-062-50a  pressure  traiisduoer  {(a)  in  lower  ri^  schematic),  a  surface  thermo- 
rrrnplf^  Vaiilt  in  house  (^(c)  in  lower  right  schematic)  and  a  Vatell  HFM-7/Lh.QQ\,  flux 
microsensor  consisting  of  a  heat  flux  sensor  and  a  surface  temperature  thermistor  {(b) 
in  Iowa-  ri#it  schematic).  The  KvLite  XCQ-062-50a  pressure  transducers  pxivide  low 
and  hi^  speed  nrKasurements  of  static  surfeoe  pressure.  The  ciynanic  characteristic 
ofthesetraisducjers  wis  investigated  in  detail  and  is  presented  in  Appendix  R  The 

Vatdl  HFM-7/L  heat  flux  microsensor  consists  of  two  independent  sensors.  One  of 
them  provides  a  direct  reading  of  surface  heat  flux  up  to  high  frequencies.  The  dynam¬ 
ic  behavicar  of  this  senscr  investigated  Details  of  the  investigption  are  shown  in 

i^^jpendbcG  The  seocod  part  of  the  senscr  is  a  surfece  resistanoe  tenperature  clevioe 

(FCQD).  The  surfece  thernnocotple  is  used  as  a  badcip  and  calibration  devic^e  for  tfris 
RTD.  The  outputs  from  the  thin-film  RTD’s  were  zeroed  before  a  set  of  experiments 
when  the  'was  considered  to  be  at  thermal  ecjuUibrium  A  mean  temperature 
reading  fixam  the  surfeoe  thermoocxples  befcre  the  experiments  was  used  as  the  ref¬ 
erence  tenperature  for  the  cieternrination  of  the  RID  tenperature  during  the  run 
The  difference  between  the  temperature  readings  of  the  RTDs  and  the  thermocou¬ 
ples  at  or^  locaticn  can  be  as  largp  as  2®C  for  certain  experiments,  which  has  to  be 
attributed  to  drift  in  the  amplifier  and  a  difference  between  the  actual  thermocouple 
rparKng  and  the  averagR  thermocoiple  reading  befcre  the  experiments.  The  transient 
tenperature  histories  of  the  surface  thermoooiple  and  the  RID  during  the  tunnel 
run  are  similar  in  shape  and  magnitude.  The  difference  in  the  transient  component  of 
the  temperature  histcxies  is  usually  less  than  O.S’C  .  The  temperature  difference  be- 
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tween  the  thermocouples  and  the  RTDs  is  caused  by  the  difference  in  thickness  of  the 
tvwD  surfeoe  terrperature  rneasurernents.  Snoe  the  surface  therruDoouple  penetrates 
deepo*  into  tbs  surface  it  lag?  behird  tte  surface  terrperature  histay  as  measured 
by  the  KID. 

The  (xolirrg  scheme  oorisists  of  six  rows  of  oooliiTg  holes  (7  throu^  12  in  r^pa: 
left  figure).  Their  diameter  is  0.041  in.  and  the  ratio  of  hole  spacing  to  diameter  is 
about  nine.  The  ictob  are  staggered  half  the  pitch  -vwth  respect  to  the  neighbcring 
rows.  Only  three  rows  of  cooling  holes  actually  provide  cooling  to  the  suction  side 
(7,8,9).  Rows  8  and9  are  indirred  3Cf  fixmtte  spanwise  direction  and  are  normal  to 
thechoixiwisetan^nt.  Ptowr7isinthechDrdwiseplaiieandfcrrrBanarigleof  3CP -with 
the  chondwise  tangent.  Fhr  a  more  detailed  esplanation  see  Snith  (1999).  The  hdes 
lalTPlpd  (a)  in  the  lower  left  schematic  are  used  for  surface  pressure  measurements 
at  tte  exit  location  of  each  row.  The  next  cxdumn  labeled  (b)  is  equipped  with  a 
thennooorple  to  measure  the  coolant  exit  tenperature  for  each  row  of  cooling  holes. 
Rr  a  nxre  detailed  description  of  the  irrstrurneritation  around  the  showerhead  see 
Bubb  (1999). 

The  hlfldp  was  sipplied  with  oocdant  air  ly  the  ystem  depicted  schematically 
in  Rgure  Z3.  A5  horse  power  Ingersoll-Rmd  compressor  in  combination  with  a  filter 
and  dryer  sigplies  dean  and  dry  (less  than  5%  relative  humidity)  air  to  a  large  (292 
rri)  storage  tank  A  control  valve  lowers  the  pressure  in  crder  to  maintain  a  preset 
pressure  difference  between  the  coolant  plenum  in  the  blade  and  the  freestream  in 
the  cascade.  The  coolant  mass  flow  is  then  metered  by  an  orifice  plate.  It  is  dulled 
in  a  sinple  heat  esadiangEr.  The  heat  exchanger  ocjnsists  of  copper  cxdls  immersed 
in  licpid  nitrogen.  The  coolant  then  enters  the  coolant  plenum  in  the  blade.  A 
differential  pressure  transducer  measures  the  difference  between  the  total  pressure  in 
the  pienum  and  the  total  pressure  in  the  cascade.  The  voltage  fiem  this  transducer 
is  compared  to  a  voltage  set  by  the  user.  The  difference  between  the  two  voltages  is 
int^nted  with  respect  to  time  in  an  analog  circuit.  The  resulting  outp>ut  voltage  is 
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fed  to  a  dectio-preiamatic  cxanverter  vdiich  oiitputs  a  pressure  signal  to  the  oonbX)l 
valve,  thereby  closing  the  control  loop.  This  control  loop  will  keep  the  diflFerence 
between  total  pressure  in  the  coolant  plenum  and  the  fieestream  total  pressure  in  the 
cascade  constant.  A  pressure  difference  set  by  means  of  the  objective  voltage  prior  to 
the  run  will  be  maintained  during  the  run  and  under  changing  fteestieam  cxjnditians. 
Rh:  ncte  details  on  the  pessure  control,  the  reader  is  referred  to  Bubb  (1999). 
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Figure  2.3:  Cbolant  Si:qpply  Scheiretic. 
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2.3  Data  Reduction  Technique 


2.3.1  Analysis  of  Uncooled  Experiments 

Figure  2.4  shows  the  time  history  of  a  tunnel  run  without  film  cooling.  Shown 
are  the  traces  of  upstream  total  temperature  and  the  heat  flux  and  surface  tempera- 
tijreiiEasuredQngaugelcx:atiQn3.  It  is  <iear  that  the  experirneiits  are  not  “steaffy” 


Tinne  [s] 

Figure  2.4:  TIite  HGstoiiy  Exim  XJbcooled  E?qperin^^ 

in  the  true  sense.  The  temperature  and  heat  flux  levels  vary  significantly  with  time. 
The  reason  these  experirnents  are  referred  to  as  ‘feteacfy”  lies  in  the  feet  that  the 
changes  are  so  slow  that  each  data  point  can  be  considered  a  steaefy  state.  Ariytime 
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scale  related  to  the  boundary  layer  or  core  flow  will  be  orders  of  magnitude  smaller 
than  tte  rate  of  change  of  the  properties  shown  in  Rgure  2.4. 

The  basic  Equation  defining  the  heat  transfer  coefficient  can  be  stated  as  fol¬ 
lows: 


q  =  h-(T,^-T^)  (21) 

Without  film  coohng,  the  adiabatic  wall  temperature  2^®  can  be  replaced  hy  the 
recovery  temperature  for  high  speed  flows  27  * 


q  =  h-{Tr-T^)  (22) 

The  difference  between  freestream  total  temperature  27  aixi  reoc^^iy  tenperature  27 
is  a  ocmstant  according  to: 


23=  27  -  27  =(l-r)- 


(23) 


vd^re  u  is  the  local  fi:eestream  vdocity  and  r  is  the  local  recovery  fector.  Replacing 
27  in  Equation  2.2  yields  after  learrangprent: 


q  =  h-{{Tt-%,)-Ti) 


(24) 


27 


Assuming  that  the  heat  transfer  coefficient  A  is  a  oanstant  throughout  the  run,  this 
Ejquatian  is  a  linear  rdaticsnship  between  q  as  the  dependent  -variable  and  (17  -  %i) 
as  the  independent  variable.  The  heat  transfer  coefficient  A  is  the  slope  and  Ti  is 
tte  x-axis  interop.  Plotting  the  data  shown  in  Rgure  2.4  -with  q  on  the  y-axis  and 
(77  -  XL)  on  the  x-axis,  the  value  of  h  can  be  found  as  the  dope  cf  the  resulting  curv^ 
and73  se  the  x-axis  intercept.  Tte  result  is  diovvn  in  Rgure  25.  This  illiistrates  how- 


Figure  2.5:  Deteminaotion  of  h  and  7^. 


Td  (difference  between  total  freestream  temperature  and  recovery  temperature)  and 
the  heat  transfer  coefficient  without  film  cooling  were  determined.  All  of  them  need 
to  be  known  for  all  and  experirnents  in  the  investigation  of  heat  transfer  due 

to  dodc  pasdng.  Fhr  rnore  information  on  this  technique  see  Smith  (1999) 

and  Bubb  (1999) . 
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Table  2.1:  Mean  Heat  Transfer  Coefficients  for  all  Gauges  and  All  Un¬ 
cooled  Ej^aeriirents  for  “UcBteady  Decxorpoation”  Tbchnique  (Section 


a5.2.2) 


Run# 

h 

Tot] 

h 

[w] 

■ - J 

h 

[;^l 

h, 

r4-i 

h 

[^1 

1 

1085.9 

787.5 

7026 

9D43 

871.1 

1069.1 

2 

1103.2 

795.4 

7120 

917.8 

901.3 

1131.0 

3 

11045 

8041 

707.1 

901.7 

881.0 

1112.3 

4 

1126.8 

8ia7 

7240 

933.8 

911.9 

1143.6 

5 

1097.5 

797.7 

708.4 

9144 

8948 

1119.3 

6 

1100.5 

798.7 

707.5 

9144 

896.0 

1131.5 

2.3.2  Results  from  Uncooled  Experiments 


The  results  from  these  experiments  axe  the  heat  transfer  coefficient  without 
film  cooling  and  the  difference  between  total  temperature  and  recovery  temperature 
Ti  needed  in  both  experiments  with  and  without  film  cooling.  They  are  listed  in  this 
Section  fcr  ocrrpleteness. 


Steac^  OEDta  for  Experiments  without  Film  Cboling  and  ‘Tiisteacfy  Ete- 
corrposition”  Tfedinique  (Section  a5.2.2) 

The  results  for  heat  transfer  coefficients  are  listed  in  Table  2.1.  For  a  discussion 
of  bias,  precision  aid  UTKiertaintyestirnates  see  ./^pendixE  taken  fix)rnBuhb  (1999). 

The  values  obtained  for  the  difference  between  freestream  total  temperature 
and  recovery  tenperature  23  are  listed  in  Thble  2.2  R^r  the  calculation  of  recovery 
temperature  in  the  experiments  with  and  without  film  cooling  the  mean  Tu  will  be 
used  for  oonsisterxy.  t&x3ertainties  on  Tu  are  discussed  in  i^pendix  E 


29 


2.2:  Ti  =Tt-Tr  fix-  all  Gfanges  and  All  tftioooled  ExperiixErtts  fia: 
^TJnsteac^  DBoarrpoation”  ^technique  (Secticm  3.5.2.2) 


Run# 

Til 

[•C] 

Til 

[■>C] 

Til 

[-C] 

m 

1 

5.0 

44 

5.5 

as 

16.5 

2 

mswm 

5.0 

5.8 

a6 

9.7 

16.2 

3 

6.2 

5.3 

5.9 

9.4 

10.5 

16.5 

4 

7.1 

6.1 

6.3 

9.3 

10.5 

16.8 

5 

■siH 

44 

as 

9.9 

15.4 

6 

6.6 

5.7 

6.1 

9.3 

10.5 

16.6 

mean 

5.95 

5.15 

10.18 

16.33 
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Steacfy^  far  Experiirerts  'without  Film  Cboling  and  ‘Orect  Chrqpar- 

ison”  (Section.  3.5.3) 


Only  three  eKperimenbs  •were  done  fcr  the  test  series  cxarpared  to  analytical 
raxlds  ty  IVtss  et  al.  (1995),  Johnson  et  al.  (1988)  and  Ri^  et  al.  (1989).  The 
first  two  runs  were  with  film  cooling  and  only  the  last  experiment  was  uncooled.  Also 
only  locatiorB  1  and  2  -were  used  The  results  for  h  and  Ti  are  listed  in  Thble 
2.3.  Rir  consistency,  the  mean  "values  of  7}  ■were  ised  for  the  calculation  of  %  for 
both  the  cooled  experinents  Run  #1  and  Run  #2  as  well  as  the  unoooled  Run  #  3. 
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2.3.3  Analysis  of  Cooled  Experiments 


Figiore  2.6  shows  a  sample  time  history  for  an  experiment  with  film  cooling. 
The  traces  shown  are  fireestream  total  terrperature,  coolant  tennperature  (mass  a^«r- 
aged  over  the  three  rows  of  coolant  affecting  the  suction  side)  and  surface  temperature 
as  well  as  heat  fl\xx  measured  at  location  #  3.  The  basic  quation  defining  the  heat 


Figure  2.6:  Time  Hstcay  Phom  Experimerifc  with  Film  Cbolinig. 


transfer  coefficient  is  again: 


q  =  hc-  (Taw  -T) 


(2.5) 
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Heat  Flux  [W/cm*] 


The  adiabatic  wall  terrparature  is  losually  expressed  in  terns  of  the  non-dimensianal 
film  effectiveness; 


%-Tr 


Rearranging  and  substituting  into  the  first  Equation  yields: 


(2.6) 


q  =  h-{{Tr-%)-v{Tr-%))  (2.7) 


IXviding  ty  (27  —  Tii )  yidds: 


Q 

Tr-% 


=h- 


(2.8) 


Assuning  that  h:  and  77  are  constant  throu^xwjt  the  run  this  Equation  is  a  linear 
idation  between  the  independent  variable  and  the  dependent  variable 

Plotting  the  data  dxjwn  in  Figure  2.6  in  this  manner  one  obtains  the  heat  transfer 
coefficient  tk  as  the  slope  of  the  curve  and  the  film  effectiveness  rj  as  the  x-axis 
intercept.  This  is  shown  in  Figure  2.7.  Note  that  the  recovery  tenperature  7^  was 
calculated  fixarn  7?  by  subtracting  23  deterrrined  fixmn  unooded  runs  as  described  in 
Section  2.3.1.  The  values  of  film  effectiveness  77  and  heat  transfer  coefficient  he  are 
necessary  for  the  analysis  of  the  unsteaefy-  heat  transfer  due  to  shock  passing-  Ffcr 
mxe  dp-t^ilfri  infeonatiem  on  this  techni<que  and  an  uncertainty  analysis  the  reader 
is  referred  to  Bubb  (1999). 
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[OoeUJO/M]  ('*1-  i)/b 


Figure  2.7:  DeteamAnation  c£  fk.  and  77. 

2.3.4  Results  from  Cooled  Experiments 

•i 

The  results  from  these  experiments  are  the  heat  transfer  coefficient  with  film 
cooling/^  and  the  film  effectiveness  77.  They  are  listed  in  this  Section  for  oonnpleteness. 


Steacfy  Data  fiar  Elxperiments  with  Film  Oooliiig  and  ‘TJhstead^  Etecom- 
positian”  Tfechnique 


The  results  for  heat  transfer  coefficients  are  listed  in  Table  2.4.  The  results  for 
the  film  effectiveness  are  listed  in  Table  2.5.  The  values  for  Run  ^  8  could  not  be 
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Table  2.4:  Mean 
ExperimBnts  fix* 

j  Run#  !  /Jci 

[-4—1 

_ J 

I  I  1512.5 

2  1403.3 

3  1302.0 

4  1375.2 

5  1354.4  i 

6  1374.0 

7  867.8 

8  NaN 

9  1332.9 

10  13ia3 

11  1218.8 

12  1318.9 


Heat  Transfer  Coefficients  for  all  Gauges  and  All  Cooled 
PecxHipoaticgi”  Technique  (Secticai  3.5.2-4) 


1  r  1  r  y  i  r 
■  J _ Tunr  i _ j _ L 


956.7 

940.2 

859.1 

887.5 

920.1 

919.6 

875.8 
NaN 

919.5 

899.3 

869.1 
8448 


755.2 

752.9 
7842 

776.5 

768.2 
7522 
6549 
NaN 

Tiai 

770.4 

763.0 

762.6 


1014.4 

997.7 

1022.1 

1021.3 
9146 

965.3 

1098.2 
NaN 
9841 

989.7 

993.9 
9529 


1028.2 

969.9 
9827 
10148 
969.1 

953.9 

988.5 
NaN 
9549 

979.7 
99ai 
98a3 


^6 

Me! 

1373.0 

1341.9 

1203.4 

1256.7 

1248.2 
1254.6 
1200.0 

NaN 

1329.1 

1312.5 

1251.9 
1245.4 


obtained  since  the  low  speed  data  acquisition  failed  to  write  to  file.  For  an  uncertainty 
analysis  on  the  heat  transfer  coefficient  and  film  cooling  effectiveness  see  Appendix  E. 
Burs  l,2,5,6,9,10^Nexe(ksr^atailaiverU<yMngTa^  =1.04)  andnjns3,4,7,ail,12 
■were  done  at  a  blowing  rate  =  1.20).  This  contributes  to  the  differences 

in  he  sndr). 


( 
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Table  2.5:  Mean  Film  Cooling  Effectiveness  for  all  Gauges  and  All  Cooled 
EbtperiiMents  for  Deooiripoatiori”  Tfecfanique  (Section  3.5.2.4) 


Run# 

Vi 

[-] 

[-] 

Vi 

[-] 

V5 

H 

V6 

[-] 

1 

0.309 

0.181 

0.347 

0.226 

0.188 

0.269 

2 

0.296 

0.184 

0.327 

0.223 

0.176 

0.279 

3 

0.174 

0.154 

0.194 

0.235 

0.159 

0.188 

4 

0.231 

0.176 

0.200 

0.237 

0.172 

0.216 

5 

0.332 

0.184 

0.353 

0.221 

0.204 

0.274 

6 

0.310 

0.190 

0.341 

0.221 

0.193 

0.274 

7 

0.256 

0.201 

0.190 

0.215 

0.178 

0.247 

8 

NaN 

rw 

NaN 

NaN 

NaN 

NaN 

9 

0.289 

0.164 

0.325 

0.210 

0.179 

0.293 

10 

0.331 

0.181 

0.345 

0.225 

0.198 

0.278 

11 

0.201 

0.177 

0.209 

0.220 

0.167 

0.217 

12 

0.151 

0.148 

0.188 

0.204 

0.145 

0.219 
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SteactyEteitafcr  Ebqaeriixients  withFlbiaO^^  “Orect  Cbrrparison’’ 

The  first  two  experimets  done  for  the  analysis  by  comparison  with  analytical 
models  were  with  film  cooling.  Only  data  from  gauge  locations  1  and  2  are  available. 
The  steacfy-state  values  for  h  and  77  for  these  experiments  and  gau^  are  listed  in 
Thble2.6.  Both  rxim  were  dco:^  at  a  blowing  pressure  of  ^  =1.04 

aiKl  2.  Cooled  Runs  #  1  and  #2  for 

3) 
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Chapter  3 


Unsteady  Heat  Transfer 


3.1  Experimental  Setup  for  Investigation  of  Un¬ 
steady  Heat  Flux 


Wthout  the  C5pa±unity  fcsr  perfmaing  experiirents  in  a  rotating  cascade  a 

irethcxi  has  to  be  found  to  iriodd  the  relati\^  rrrjtion  of  the  wave  and  the  blades 

in  the  cascade.  A  rotating  bar  mechanism  was  not  an  option  since  the  effects  of  the 
shcxkwcve\\€re  to  be  iiivesti^ited  separately.  A  it3tating  bar  inechanisni  as  designed 
and  built  by  the  IMversity  of  Oxford  is  disadvantageous  because  it  is  poblematic  to 
separate  the  effects  of  wakes  and  shocks.  The  first  successful  attempt  at  creating  an 
isrJfltiyl  dKxdc  vvave  to  pass  over  a  linear  cascade  was  reported  on  by  Cbllie  (1991) 
fiom’Vlr^rda'Ifech.  A  shotgun  was  used  to  create  a  shock  wave  of  deared  strength. 
Dou^ity  (1994)  replaced  the  shotgun  by  a  romtial  diock  tube.  This  dxxk  tube 
produoes  a  ncxmal  dx>ck  wave  that  is  guided  it  into  the  test  section.  As  the  normal 
sihock  wsa^  expands  into  the  open  space  of  the  cascade  it  trar^omns  mto  a  cylindrical 
detonation  or  blast  wave.  This  blast  wave  represents  the  flow  relative  to  the  rotor 
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passage  better  than  a  nomnal  shock  vojld-  The  characteristics  of  the  shock  \va\^ 
rylrmifltpri  arvi  fieyrihed  in  detail  in  DPuehtv  (1994).  The  shock  E^paratus  used 
in  the  present  investigation  is  essentially  identical  to  the  cne  developed  ty  Ebu^iLy 
(1994) 

3.1.1  Shock  Apparatus 

An  overview  over  the  entire  shock  g^paratus  is  shown  in  Figure  3.1.  The 
elements  of  the  g^paratus  will  be  described  in  detail  in  the  following  paragr^hs. 


Pneumatic  "Vhlve  to  Operate  the  Shcxictube 


A  pneumatic  valve  controls  the  flow  of  driver  gas  into  the  driven  section  of 
the  dxxdctube.  This  control  valve  is  actuated  fiom  a  pneumatic  switch  mounted 
on  the  tunnel  control  desk  Tte  valve  will  be  in  the  cpen  position  as  long  as  the 
switch  is  pressed  down.  After  the  release  of  the  switch  it  will  turn  off.  This  setup  is 
advantageous  over  a  manual  control  of  the  driver  fluid  since  the  shock  can  be  triggered 
ty  the  person  in  charge  of  the  tunnel  control. 


Shock  TLibe 

Ths  shock  tube  was  orignally  designed  and  hydro-tested  by  Dop^Tty.  The 
rrechanical  details  c£  the  deck  ti±e  can  be  found  in  Doughty  (1994)  in  Section  3.3. 

The  strength  cf  the  shock  arriving  at  the  instrumented  blade  depends  directly 
<Dn  the  strength  of  the  ncrmal  shock  wave  created  in  the  shock  tube  (see  the  cal- 
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Damping^ 

Foam 


"Shock  Shaper" 


HeliLmcy 
/\ir  Bottle 


RTeUTBfiC 

\^ve 

Cperatefrom 
Tlmel  Control 
Desk 


ShockTlteDti\«r  Section  J  ShockTii 
□aptragm 
3or4Dsksof 
7/1  OOa' Thickness 


ShockTcte  Di\^  Section 


Figure  3.1:  Ovorview  of  the  Shock  .^^laratus. 


3/4"  ID  Flexible  Tubing  (1500  psi) 


culatiarK  in  Doughty  (1994))  for  details).  This  strength  is  controlled  ty  the  overall 
thickness  of  diaphragms  inserted  between  the  flanges  separating  the  driver  section  and 
the  driven  section.  For  the  present  stucfy,  two  cases  were  investigated;  3  diaphragnB 
(e^rcDdrrnte  shade  strength  on  tte  blade  is  1.23  intemns  cf  static  pressure  ratio)  and 
4  disphragms  (resulting  in  shodc  strength  of  about  1.32).  The  di^liragms  are  cut 
fiomdear  sheets  of  0.007  in.  thickness.  Bfeliumwas  used  to  create  a  strong 

dxxk:  witlxfut  higher  driver  pressure  (see  Ch^aman  (1971)  for  a  good  descripdan  of 
shock  tube  fluid  mechanics).  The  burst  pressure  in  the  driver  section  was  around  350 

pag  for  the  ej^jerinnents  with  three  (diaphragnB  (laoninal  shock  strength)  and  shortly 

hitler  for  the  oq^eriments  with  four  disphragns  (higher  shock  strength). 

Flexible  Tbtang 

In  the  cxignal  setup  used  by  Dou^ity,  the  distance  between  the  dock  sh^aer 
and  the  instrumented  blade  was  significantly  shorter  than  in  the  present  setup.  The 
shock  strength  at  arrival  on  the  test  blade,  therefexe,  washi^Terthanebeervedinthe 
prdininarye>q3eiinnents  with  the  present  setup.  IncTeasar>gtheiiun±)a:crfch£phragnB 
beiyond  six  (0.042  in.  overall  thickness)  was  rot  feasible  tinoe  the  {xessure  induced 
by  the  shock  wave  reflected  off  the  endcap  would  have  exceeded  the  rating  of  the 
shock  tube.  Therefore,  a  larger  diameter  flexible  tube  had  to  be  used  to  increase 
the  overall  energy  passing  into  the  test  seeddon  The  original  diameter  was  1/2  in 
nominal  ID.  It  was  replaced  with  a  3/4  in.  flexible  tube  rated  up  to  1500  psi.  The 
resulting  shock  strength  was  indeed  significantly  higher  than  the  one  measured  when 
uang  the  smaller  diameter  tubing. 
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Shock  ShE^aer 


The  purpose  cftte  sho(k  shspar  is  to  trarisiticai  fiom  the  circular  ixjmBl  shc^ 


wave  coming  out  of  the  flexible  tube  to  a  cylindrical  blast  wave  stretching  over  the 
entire  width  of  the  test  section.  Doughty  did  extensive  wcrk  on  the  design  of  the 
sho<k  shaper  as  i^xxted  in  Section  3.5  in  Doughty  (1994).  A  new  shock  shaper  had 


to  be  built,  because  the  diameter  of  the  flexible  tube  was  increased.  The  design  for 
the  new  shcxk  sharer  is  dxwn  in  Figure  3.2.  Except  fcr  the  hei^  of  the  cfivergug 
duct,  all  dunensians  were  tept  the  same. 


II>airpiiig  Fbaixi 

It  became  dear  after  some  prelininaiy  tests  that  the  dock  ema^^ug  fixani 
the  shock  shaper  creates  a  strong  reflection  off  the  upper  surface  of  the  cascade. 
The  reflection  then  travels  after  the  primary  shock  wave,  slowly  catching  up  to  it. 
So  iretead  of  one  shock  wa^  tv«o  shock  waves  irrpiugs  on  the  blade.  After  several 
attenpts  to  solve  the  problem  a  1/2  in.  lacyer  of  foam  ^ued  to  the  i:pper  surfeoe 
successfully  decreased  the  strength  of  the  reflected  shock  (see  Figure  3.1). 
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Shock  Shaper 


Figure  3.2:  Shock  She^jer  Deagn. 


3.2  Test  Matrix 


In  Section  3.5  “Results  and  Discussion”  two  entirely  different  ways  of  analyz¬ 
ing  the  unsteady  heat  transfer  data  are  presented.  The  first  one  is  referred  to  as 
“L&isteady  Deconpoatian”  and  the  seocnd  csne  “E)irect  Cbirpariscn”.  The  former 
was  developed  at  \diginia  Tfech  and  will  be  cf  piimaiy  interest  in  the  analy^.  A 
wide  -variety  of  parartEters  were  -varied  in  txder  to  generalize  the  oandiEians.  The 
three  parameters  -varied  are  the  initial  level  of  heat  flux,  the  shock  strength  and 
for  the  case  with  film  cooling  —  the  ratio  of  total  pressure  of  the  coolant  to  the  total 
pressure  of  the  fiTeestream  The  schematic  in  Figure  3.3  shows  the  parameters  and 
than  ooriesponding -values.  The  shock  strength  is  expressed  as  the  ratio  of  the  peak 
static  pressure  over  the  static  pressure  before  doock  impact.  The  shock  of  the  lov^er 
strength  was  created  using  three  diaphragms  cf  0.007  in.  thickness  in  the  shock  tube. 
Ftar  the  higher  shock  strength  four  diaphragpns  cf  the  same  thickness  were  lEei 


Without  Film  Cooling 


With  Film  Cooling 


Parameter 

Values 

Level  of  Heat  Flux 
Before  Schock  Passing 

Low 

Medium 

High 

Shock  Strength 
(Pmax^P) 

1.23  (nominal) 
1.32  (high) 

Total  Pressure  Ratio 
Ptc/Ptf 

1.04  (nominal) 
1.20  (high) 

Parameter 

Values 

Level  of  Heat  Flux 
Before  Schock  Passing 

Low 

Medium 

High 

Shock  Strength 
(Pmax/P) 

1.23  (nominal) 
1.32  (high) 

Number  of  Tests  =  6 


Number  of  Tests  =  12 


Heat  Flux  Gauges  Used:  Gauges  #1 , 2, 3,  4.  5 
Pressure  Sensors  Used:  Gauges  #2, 4, 5,  6 


FlgureaS:  Tfest  IVferfaix for  ExperhofEiis  Wth aiid  Wthout  Rim 
fix’  Tfest  Series  ‘TJhsteaciy  DBcxorpcositicin”. 
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Tte  secord  test  series  labeled  “EXrect  Cbnparisori’  oonpares  the  results  fixsm 
predictive  niodels  published  in  the  literature  to  actual  heat  flux  data.  It  was  not 
necessary  or  of  interest  to  perform  this  comparison  at  different  conditions.  Therefore, 

cxfly  vvas  dxBen  for  each  parairieter  aid  three  experiiueiits  were  per6^^ 

two  with  and  one  without  film  cooling.  Also  only  pressure  and  heat  flux  data  from 
gEtuge  locations  ^  1  aid  ^2  were  analyzed.  The  short  test  matrix  for  this  set  of 
expaiiiEnts  is  shcAvn  in  Figure  3.4.  The  ^aliie  cff  dxxk  streiigth  in  ternns  of  the  static 
pressure  ratio  is  higher  in  this  figure  than  the  number  in  Figure  3.3.  The  reason  for 
this  is  that  the  pressure  signal  was  recorded  and  processed  differently  for  the  two  test 
series  as  ejqilained  in  detail  in  Sections  3.3  and  a4  The  actual  shock  was  of  the 
sarm  strength  as  the  strcmger  shock  in  test  matrix  3.3.  Both  were  created  using  four 
cfisphragms  cf  0.007  in.  thickness  in  the  shock  tube 


Without  Film  Cooling 


Parameter 

Values 

Level  of  Heat  Flux 
Before  Schock  Passing 

Medium 

Shock  Strength 
(Pmax^P) 

1.5  (high) 

Number  of  Tests  =  1 


With  Film  Cooling 


Parameter 

Values 

Level  of  Heat  Flux 
Before  Schock  Passing 

Medium 

Shock  Strength 
(Pmax^P) 

1.5  (high) 

Total  Pressure  Ratio 
Plc'Ptf 

1 .04  (nominal) 

Number  of  Tests  =  2  (one  repeat) 


Heat  Flux  Gauges  Used:  Gauges  #1,2 
Pressure  Sensors  Used:  Gauges  #1,2 


Figure  a4:  list  IVfetiix  fi^r  Ejqjeriments  Wth  and  Wthcnit  Flhrn  Cboling 
fix-  Tfest  Series  ‘Orect  Cbjrparison”. 


TheiretrunEntation,  clataaccjuisition  and  signal  pxxEssingprocEciure  for  bcth 
the  “Uhsteacfy-  DeoorrpoBitiQn”  and  the  ‘Orect  Cbrrparison”  will  be  described  in 


45 


detail  in  the  following  Sections. 


3.3  Instrumentation  and  Data  Acquisition  for 


Unsteady  Measurements 


In  rr£asuring  hi^  speed  events  like  a  pasang  shock,  the  f^Tiaiiic  behavior  cf 
the  entile  neasurenEnt  chain  is  of  utmost  inportanoe.  The  cfynarric  characteristics 
of  eadi  and  every  component  has  to  be  known  in  cxrier  to  dearly  estaHidi  how  ■\\ell 
a  irEasurenent  represents  the  real  event.  Theoretically,  it  is  inpoesible  to  obtain  a 
‘borie(d;’’ rqxesentationcDfasihcick-vvave.  Ashockvvacve  is  represented  rnathematically 
by  a  discontinuity.  The  frequency  content  of  a  discontinuity  is  infinitely  wide.  It  can 
only  be  the  gnal  in  this  investigation  to  obtain  as  vvide  a  fiecjuency  range  as  possible 
and  be  content  with  the  repesenfcation  of  the  real  event  in  this  frequency  band  The 
effort  has  to  be  to  obtain  the  best  possible  representation  of  the  event  in  this  frequency 
band 


3.3.1  Unsteady  Pressure  Measurements  for  Test  Series  “Un¬ 
steady  Decomposition” 

In  the  test  series  for  the  ‘T&isteady  Eteoonposition”  technicjue  p:esented  in 
Section  3.5.2  the  pressure  measurement  is  not  crucial  in  terms  cf  the  analysis.  The 
data  is  analyzed  by  mere  comparison  of  heat  fiux  traces  from  different  runs.  Still,  it 
■was  dpCTTTFri  to  have  a  second  measurement  to  monitor  the  unsteady  dxxk  event.  As 
a  result  the  Kvlite  XCQ-062-50a  pressure  sensors  were  used  in  the  frequency  range 
below  25  kHz  where  the  senscrs  show  Httle  phase  shaft  and  rigial  attenuation. 

The  entire  me^urement  chain  for  the  unsteacfy  pressure  measurements  in  this 
particular  test  series  is  diown  in  Figure  3.5. 
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Vrpf=0.095V 


VTri9ger(^5V.-5V) 


Gauge  Gauge 

Location  Serial  # 

1  147 

2  148 

3  149 

4  150 

5  151 

6  109 


Kulite  Transducers  Measurements  Group 
XCQ-062-50a,  6029-5A-  2310  Strain  Gauge 

Conditioner  and  Signal 
Amplifier: 

Gain=10 

Filter=Wide  Band 
Zeroed  at  Ambient 
Pressure 


Frequency  Devices 
Model  9064 
Low-Pass  Filter: 
Cut-Olf  Frequency= 
25.2  kHz 


LeCroy  Waveform 
Recorder  6810 
Sampling  Period=2ps 
FSV=1V  (±0.5V) 
ollil  .set 


Figure  3.5:  IVfe^urement  OiEon  ft*-  TLAisteac^  Pressure  IVfeasuremerits  fix- 
Tbaf.  Series  ‘^Uisteacfy’  DBcarTpoatian”  in  Section  3.5.2. 


Kulite  XCX^062-50a  Pressure  UnrBduoere 


The  dynanic  behaviour  of  the  KvLite  XOQ-06^50a  pressure  transducers  is 
studied  in  detail  in  Appeni±x.  R  The  fact  that  the  transducers  are  pretected  ly  a 
B-Scneen  reduces  the  frequency  response  significantly.  In  the  frequency  range  up  to 
25  kHz  the  transfer  function  is  relatively  flat  in  terms  of  magnitude  and  phase. 


Maasurerr^rds  Gkxnip  2310  Strain  Gauge  Corxdatianer  and  Signal  Am- 
plifier 


The  “wide  band”  setting  on  the  amplifier  provides  the  widest  range  of  usable 
frequency  band.  Nevertheless,  the  transfer  function  of  this  device  is  still  dependent 
on  the  gain  setting.  The  transfer  functions  of  the  Measwnsments  Oraup  2310  Sbrmn 
Gauge  Conditioner  and  Signal  Amplifier  at  different  gain  settings  is  shown  in  Ap¬ 
pendix  D.  Since  the  pressure  transducers  will  orily  be  used  up  to  25  kHz,  the  amplifier 
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is  rx3t  going  to  interfere  with  the  signal  content  at  a  gain  of  10  (see  appendix  D). 

'Pnp^puynry  JDenjicBs  A4h(1jd  906^  Ix3w-I^ss  Filter 

The  8-Pole  Butterworth  Low-Pass  filters  were  set  to  a  cut-off  frequency  of 
25.2  kHz  in  order  to  avoid  a  nisrepesentation  of  the  shodc  due  to  the  strong  phase 
shift  and  signal  attenuation  hy  the  pressure  transducers.  This  fiequency  ran^  is 
not  wide  enop^  to  provide  a  good  approxirnaticn  cf  the  actual  event.  Snoe  the 
pressure  nEasurements  were  ret  used  in  the  analysis  ether  than  for  tining  purposes, 
TXD  realistic  rneasurements  were  needed. 


LeOroy  \N6REfaniaFleoorder  6810 

Tpmo  Le  Ch32/systenBhadtobeiJsedforthedataacqLrisitionsinoe  12charmels 

had  to  be  recorded  (six  heat  flux  signals  and  six  pressure  signals).  A  new  version 
of  the  driver  software  had  to  be  installed  to  run  both  rnodules  at  the  same  tirne 
(D\catlyst\catlst).  The  sarrpling  fiEquency  for  this  particular  set  of  tests  was  set 
to  500  ktfe.  The  data  aoqifisitian  was  triggered  by  a  very  sinple  conparatar  circuit 
dxjwn  in  Figure  3.5.  The  trigger  was  dc  ooipled  at  a  level  of  0.196  \blts  and  set  to  a 
deky  cf -1/8  (about  500Ats).  The  full  scale  voltage  was  set  to  1 V  (±0.5  V,  resolution 
of  0.2  niV)  to  ensure  good  resolution  with  the  12-bit  aocjinsition  system. 
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3.3.2  Unsteady  Heat  Flux  Measurements  for  Test  Series  “Un¬ 
steady  Decomposition” 

For  the  data  and  analysis  presented  in  Section  3.5.2  the  heat  flux  measurements 
were  of  hi^'^er  iirportanoe  than  the  pressure  measurements.  Mainly,  it  was  necessary 
to  obtain  data  from  diflferent  experiments  and  gauges  recorded  with  a  sufficiently 
wide  fiequency  band  to  gather  enau^  information  about  the  shock  passing  process. 
It  was  also  necessary  to  record  aU  gauges  and  experiments  the  same  w^  in  order  to 
compare  different  traces. 

The  ciynanrdc  behaviour  of  the  Vb/Ikll  HFM-7  Ifeat  Flux  was  assumed  to  be  a 
first  order  system  with  a  time  constant  of  about  6/rs.  However,  later  this  assunnption 
apppftrpH  to  be  not  cjuite  correct  (see  i^pendix  C).  Fbr  the  direct  ocorparison  cf  two 
different  heat  flux  time  histories  this  does  not  present  a  major  drawback.  Basically, 
it  is  still  pw-«giHp  to  compare  two  representaticans  caf  an  event  whidi  are  inadecjuate  in 
the  same  way. 

The  entire  measurement  chain  for  the  unsteady  heat  fliox  measurements  in  this 
particular  test  series  is  shown  in  Figure  3.6. 


'Vbtell  HFM-7/L  Heat  Flux  Sensors 


The  cJynanic  behiavior  of  the  \btdl  HFM-7/L  heat  flux  sensors  was  studied 
in  drtail  in  i'^apendix  G  Uhfcxtunately,  this  work  was  done  after  the  test  series  for 
the  “thistearfy  Deocmpoedticxi”  analysis  was  oonpleted  It  diowed  that  the  gauge 
responded  like  a  first  order  system  with  a  time  constant  of  about  17/iS.  SSinoe  in 
this  investigation  the  direct  comparison  between  different  runs  was  important,  no 
correction  for  this  first  order  characteristic  was  done. 
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Gauge  Gauge 

Location  Serial  # 

1  387 

2  388 

3  389 

4  391 

5  397 

6  390 


Vatell  Heat  Flux  Vatell  Amplifier  6 

Microsensor  HFM-7/L  Gain=100 


Frequency  Devices 
Model  9064 
Low-Pass  Filter: 
Cut-Off  Frequency= 
102  kHz 


LeCroy  Waveform 
Recorder  6810 
Sampling  Periods2ps 
FSV=1V  (±0.5V) 
ollil  .set 


Figure  3.6:  IVleasuretrEnt  C3iain  fix-  XJbstea:^  Ffeat  Flux  IVfeasurenrEnts 
fix-  list  Series  ‘*L6isteafly  r>9ociirrpcsitiori”  in  Section  3.5.2. 

Vatell  Amplifier  6 

The  Gain-Bandwidth  Product  of  the  Analog  Devices  Q>Arrp  used  in  the 
Vatell  Amplifier  6  is  gven  as  25  MHz.  It  -was  thaefcxe  decided  that  at  a  gain  setting 
of  100  the  frequency  band  of  the  amplifier  would  not  interfere  with  the  gauge  response 
up  to  the  cut-oflF  frequency  of  102  kHz. 


Fineqitertcy  Devices  9064  Low-Ftes  Fllto' 

The  8-Pole  Butterworth  Low-Pass  filters  were  set  to  a  cut-off  frequency  of 
102  HHz.  The  nBgnitude  of  the  gauge  transfer  function  has  alreacfy’  readied  a  ■very 
low  ■value  at  this  fi?eqLiency  (0.25  for  r  =  Qqs,  0.09  for  r  =  17/is)  so  no  significant 
information  will  be  lost.  But  aliassing  and  noise  will  be  suppressed  by  this  filter 
setting. 
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LaOroy  \\&vefcaTOi  Recorder  6810 

The  setting^  on  the  LeOroy  IReocrder  waTe  identical  to  the  setting 

described  in  Section  3.3. 1. 
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3.3.3  Unsteady  Pressure  Measurements  for  “Direct  Compar¬ 
ison” 


In  SectioTB  3.5.3. 1,  3.5.3.2  and  3.5.3.3  the  unsteady  heat  transfer  is  predicted 
fiomthe  static  pressure  measured  on  the  blade.  Ihis  means  that  an  accurate  repre¬ 
sentation  of  the  shock  event  in  terms  of  pressure  and  heat  flux  is  absolutely  necessary. 

Tternatta- is  \eiy<x]nplex  since  the  transducers  and  the  Vbtdl 

HFM-7/L  heat  flux  sensors  show  very  different  dynamic  characteristics.  Also,  the 
influence  of  the  measurement  chains  have  to  be  known  in  order  to  avoid  interference 
from  different  transfer  functions.  All  components  of  the  pressure  measurement  chain 
were  investi^ted  thcrou^ily  and  the  settp  shown  in  Figure  3.7  was  found  to  be  ad- 
ecjuate  for  the  gnak  of  the  investigation  according  to  Mbs’  Model.  The  two  main 


Gauge  Gauge 

Location  Serial  # 

1  147 

2  148 

4  150 


Kulite  Transducers  Measurements  Group 
XCQ-062-50a,  602g-5A-  2310  Strain  Gauge 

Conditioner  and  Signal 
Amplifier: 

GainslO 

Filter=Wide  Band 
Zeroed  at  Ambient 
Pressure 

Figure  3.7:  IVfe^ureraesnt  Chaiii  for  Ihisteacfy  F^BSsure  IVfcasureirEiits  for 
‘TDirect  CbrrparisorL” 


differences  between  this  setup  and  the  one  shown  in  Figure  3.5  in  Section  3.3.1  are 
that  only  data  from  the  first  two  locations  are  recorded  and  that  the  cnit-off  frequency 
on  the  Frequency  Devices  Model  9064  Low-Fbss  Filters  is  sd;  to  102  kEiz  instead  of 


Frequency  Devices  LeCroy  Waveform 

Model  9064  Recorder  6810 

Low-Pass  Filter:  Sampling  Period=2ps 

Cut-Off  Frequency=  FSV=1V  (±0.5V) 

102  kHz  ollil.set 


25  kEiz  in  ths  test  series  fcx-  the  “Unsteacfy  Deoanposition”  analysis.  It  was  neces¬ 
sary  to  extend  the  ficequerey  ran^  acquired  with  the  pressure  sensors  in  crder  to 
obtain  a  better  rqxesentation  cf  the  physical  event  since  a  direct  oomparisan  with 
the  results  from  the  heat  flux  sensors  was  to  be  accomplished.  The  transfer  function 
of  the  pressure  sensors  shown  in  ./^peiidixB  shew  very- strong 

signal  attenuatiors  and  phase  shifts  in  the  fiequetxy  range  of  rp  to  102  kHz.  Also 
Measurements  Group  2310  Strain  Gauge  Gonditioner  and  Signal  Amplifier  shows 
some  influence  in  the  frequency  range  measured  (see  Appendix  D).  The  signal  from 
the  pressure  sensors  will  have  to  be  corrected  for  these  characteristics.  This  process 
is  presented  in  Section  3.4.1. 
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3.3.4  Unsteady  Heat  FluX  Measurements  for  “Direct  Com¬ 
parison” 


The  measurement  of  unsteady  heat  flux  for  the  investigation  according  to  the 
ncdels  by  M^es,  Johr»Dn  ard  Rigby  (sections  3.5.3. 1,  3.5.3.2  and  3.5.3.3  respecti\dy) 

viasessentiaUy  identical  to  the  settpiBed  in  the  arialy^aoccttiing  to  the  “Onsteacfy 

Deconpaation”  technique.  The  nneasuremeint  chain  is  shcjwn  in  Rgure  3.8.  The 


Gauge  Gauge 
Location  Serial  # 

1  387 

2  388 


Trigger  from  Kulite  #4  _ 

or  Second  LeCroy  Module 


Vatell  Heat  Flux  Vate II  Amplifier  6 

Microsensor  HFM*7/L  Gain=100 


Frequency  Devices 
Model  9064 
Low-Pass  Filter: 
Cut-Otf  Frequency= 
102  kHz 


LeCroy  Waveform 
Recorder  6810 
Sampling  Period=2ps 
FSV=1V  (±0.5V) 
ollil  .set 


Figure  3.8:  Mfeasurement  Chain  fiir  Oisteacfy  Heat  Flux  Measuresrents 
for  ‘TXrec*  CbiTparison”. 


sampling  frequency  and  most  importantly  the  cut-off  frequency  are  identical  to  the 
the  settings  fcr  the  pressure  transducers.  The  ciynarriLc  characteristics  of  the  VhfeZZ 
HFM-7/L  h.ea.t  flux  sensors  are  investigated  in  detail  in  Appendix  C.  According  to 
the  transfer  function  detemined  there,  the  agnals  will  be  ctxrecteci  Qffy  then  is  it 
possible  to  compare  signals  from  the  pressure  and  the  heat  flux  sensors. 
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3.3.5  Shadowgraph  Flow  Visualization 


In  order  to  optically  analyze  the  dxxk  passing  process  a  Shadowgraph  setup 
was  used  (see  Rgure  3.9).  The  li^  source  was  a  15  niW  HHium-Neon  Laser.  The 
K^SIpeed  Qanera  was  a  Hadland  Photonics  hi^  speed  digital  canera  with  fiour 
OCD  receptors.  It  is  c^jable  of  taking  pictures  at  a  frequency  of  up  tp  8  MHz.  All 
pactures  shown  in  SectiarB  3.5.1  and  A  were  taken  with  this  setup.  The  canera  was 
triggered  ly  an  upstream  KvBte  pressure  transducer  and  the  timing  for  the  camera 
was  set  in  the  ocntrol  software. 


Figure  3.9:  Optical  Setup  fcr  ShadowgrEph  Flow\lsuializaticMi 


3.4  Signal  Processing 


This  Section  explaiiB  the  post>-prooessing  procedure  for  the  pressure  and  heat 
flux  data  after  processing.  Section  3.4.1  shows  the  data  processing  for  the  pressure 
measurements  and  different  test  series.  The  manipulation  of  the  heat  flux  data  for 
the  different  test  series  is  demonstrated  in  Section  3.4.2. 


3.4.1  Pressure 

Signal  Rxjoesang  for  Pressure  N^feasurerreaits  fiar  ‘TJhisteacfy  IIteocHT|Xisi- 
tion” 


Section  3.5.2  presents  an  analysis  of  the  unsteacfy  data  referred  to  as  “Lfesteacfy 

Decomposition.”  The  very  core  of  this  technique  consists  of  a  comparison  of  heat  flux 
traces  representing  the  shock  impact  initiated  at  different  levels  of  heat  flux  before  the 
slxxic  esoit.  This  ocsnpariscai  provides  understanding  of  the  relative  magnitudes  of 
different  contributions  to  the  overall  unsteady  heat  transfer.  The  pressure  traces  are 
only  needed  for  a  consistency  check  and  for  alignment  of  traces  recorded  in  different 
exprerimexits.  It  would  also  be  inpossible  to  expect  a  reasonaHereptesentation  of  the 

shock  since  the  pressure  data  was  recorded  with  a  cut-off  frequency  of  only  25  kHz 
(see  Section  3.3.1).  This  cut-off  frequency  was  chosen  in  order  to  avoid  recording  the 
fiTequency  range  in  whidi  the  KvLibe  Pressure.  'Prcensducsr  XCQ-062-5Cki  shows  strong 
phase  shifts  and  b^jns  to  attenuate  the  signal  (see  i'^pendix  B). 

The  alignment  of  traces  recorded  in  different  experiments  was  done  in  the 
following  wsy; 

Since  the  pressure  data  is  much  less  affected  by  noise  (fluctuations  of  tempera- 
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ture  and  mixing  do  affect  the  heat  flux  measurements  but  not  the  pressure  data),  all 
the  traces  of  heat  flux  and  pressure  were  aligned  by  shifting  them  by  a  certain  time 
obtained  fixDm  an  arialysis  of  the  pressure  traces.  Tfo  iff  iBtrate  tHs  technique,  the  data 
from  one  heat  flux  sensor  and  one  pressure  transducer  recorded  during  two  different 
ejqjerirrEnts  wiff  be  reed  Tbs  result  will  be  two  pairs  of  traces  each  consisting  of  a 
heat  flux  and  a  pressure  time  history  referred  to  as  gi ,  (from  first  experiment)  and 
q2,Pi  (fixxnsecondesqjmrnent).  ax)dp^  areaffgnedwithrespecttotirnesincjethej’- 
■v^=re  rpo~»^fled  fwpr  tb>  same  sanpling  tirna  Soareqi  sedpi.  Qi  the  other  hand,  the 
two  pairs  do  not  neressarily  have  the  same  relation  to  the  physical  event.  The  trigger 
setting  or  the  overall  sampling  time  may  have  been  different,  and  so  the  same  physical 

evert  cicesix±reoessarily  happen  at  the  same  point  in  the  sairplingtirne.  Inotderto 

compare  the  two  heat  flux  traces  their  relative  position  with  respect  to  the  physical 
event  needs  to  be  krx3wa  Snoe  the  pressure  histories  have  the  same  time  reference 
as  the  corresponding  heat  flux  traces  and  are  less  affected  by  noise,  this  time  shift 
cxmbeobtair^lycorrparison  of  the  pressure  traces.  Tbcbtainthe  “delay”  between 
the  two  traces  the  following  jxooedure  was  applied  Oie  of  the  pressure  traces  (say 
ji)isdTiftedintinrel:y  a  certain  iiurrber  of  sanpling  pericdsn- At.  Nbwthe  Ffearson 
product  moment  correlation  coefficient,  r,  is  calculated  fcr  and  the  shifted  time 
histceypj: 


r(n-  At)  = 


_ N-  ip  -p)  -  Yjk  •  Yjp^ _ 

\J(N-  (p  ■p)-Yj^^)  •  (pi- 


(3.1) 


The  products  erf  time  histories  are  the  vector  preducts  of  the  vectexs  with  time  being 
the  index.  This  correlation  coefficient  reflects  the  extent  of  a  linear  relationship 
between  two  data  sets.  This  coefficient  is  calculated  for  a  large  range  of  7>values. 
The  TTrvalue  at  which  r(n-  A7^  shows  a  maodmum  was  then  used  to  shift  ^  aandp 
for  cornpEirison  with  ^  and  pi .  Since  all  experiments  were  done  withjnearly  idenrical 
data  acquisiticn  setting,  these  nrvalues  were  usually  very  small  (on  the  order  of 
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±4).  All  the  traces  shown  in  Sections  3.5.2.2  and  3.5.2.4  "were  aligned  in  the  manner 
described  here. 

Signal  Prooessirg  fcr  Pressure  IVfeasurements  for  “EXrect  Oarnparison” 

In  Sections  3.5.3. 1,  3.5.3.2  and  3.5.3.3,  unsteady  heat  flux  due  to  shock  passing 
is  predicted  in  different  ways  from  the  static  pressure  measurement.  Therefore,  it  was 
necessary  to: 

1.  Record  both  signals  at  the  same  high  cut-off  frequency.  The  settings  of  the  data 
arqnimtinn  chain  are  dx»wn  in  Section  3.3.3. 

2.  Correct  both  pressure  and  heat  flux  readings  to  obtain  comparable  readings 

the  pressure  data  \iascixrected  is  presented  in  this  paragrs^h.  Therawdata 
was  first  corrected  for  the  influence  of  the  Maasurernesnts  Omup  2310  Strain  Gauge 
Conditioner  and  Signal  Amplifier  at  a  gain  setting  cf  10  (see  Figure  3.7).  The  transfer 
functions  of  this  amplifier  and  the  way  they  were  obtained  are  shown  in  Appendbc  D. 


InthisElquatiGni^orr23io  is  the  corrected  signal  before  the  amplifier,  is  the  signal 
as  leoctded  arri  310  is  the  transfer  function  of  the  amplifier  as  shown  in  Appendix 
D.  Capital  letters  irdicate  the  Fburier  Tiansfcrm  of  the  sigpal  ca:  transfer  function. 

This  irrprovedsigaal  "was  then  crarected  fcr  the  ciynarric  behavior  caf  the  l^jlite 
Pressure  'Bansducer  XOQ-062-50a  The  transfer  function  of  these  sensors  was  deter- 
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rrined  in  a  shcxk  tube  expaiment  presented  in  i'^pendix  B. 


Pfinal  (^) 


■^orf  2310  (^) 
Hk  u!«te(^) 


(3.3) 


This  \vEcy- it  \\aspossiUe  to  obtain  a  better  estimate  cf  the  “real”  ftequency  and  phase 
information  up  to  the  cut-off  frequency. 
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3.4.2  Heat  Transfer 


Signal  Procffiang  fiar  Hsat  TSransfer  Mfeasurements  fta*  “Ltasteacfy  Etecom- 
positicMi” 

Section  3.5.2  pr^ents  an  analy^  of  the  unsteady  data  referred  to  as  “Unsteacfy 
Decomposition.”  The  very  core  of  this  technique  consists  of  a  comparison  of  heat  flux 
traces  representing  the  shock  impact  initiated  at  different  levels  of  heat  flux  before 
the  shock  event.  The  heat  flux  traces  are  different  from  the  “real”  heat  flux  histo¬ 
ries,  anoe  tte  gaiigps  have  a  certain  dynanic  behavior.  It  can  be  expected,  though, 
that  all  gangps  have  the  same  transfer  functian.  Therefore,  each  trace  of  unsteacfy 
heat  flux  has  the  same  relation  to  the  “real”  time  history  of  imsteady  heat  flux.  A 
comparison  between  different  traces  is,  therefore,  possible  even  without  a  correction 
for  the  cfynanic  behavior  of  the  gauges.  Still,  it  has  to  be  admosdedgad  that  the 
thre  histories  analyTed  in  Section  3.5.2  are  ix3t  the  best  possible  representations  of 
the  pl^aical  event. 

Since  heat  flux  time  histories  from  different  experiments  had  to  be  compared, 
the  had  to  be  aligned  vtith  respect  to  the  shock  pasting  event.  The  prooedure 
iiqpH  to  align  tte  data  -was  explaii^  in  Section  SAL  The  setting  of  the  data 
aoc(uitition  chain  are  tiiovvn  in  Section  3.3.2. 


Signal  Prooffising  for  Heat  Flux  IVfeasurements  for  “Orect  Cbuparison” 

In  SectiorB  3.5.a  1,  3.5.3.2  and  3.5.3.3  a  direct  conparison  is  presented  between 
heat  flux  predicted  from  pressure  measurements  and  measured  unsteady  heat  flux  due 
to  tixxk  inpingEtTEnt.  In  cxder  to  be  able  to  make  this  ocnrparison  it -was  necessary 
to  obtain  a  realistic  representaticxi  of  the  shock  event  in  terms  of  pressure  and  heat 
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flux.  The  way  the  pressure  data  was  processed  is  explained  in  Section  3.4.1.  This 
Section  explains  the  data  reduction  of  the  heat  flux  signals. 

The  dynamic  behavior  of  the  heat  flux  gauges  was  investigated  in  order  to 
detemire  its  traiisfer  furictian  (see  Afpendix  C).  It  was  shown  that  the  Heat 

Flvx  A^a7x>sensor  HFM-'J/L  could  be  modeled  as  a  first  order  system  with  a  time 
ooretant  of  about  17/xs.  The  amplifiers  were  set  to  a  gain  of  100  and  were  expected 
not  to  have  a  significant  influence  on  the  transfer  function  of  the  measurement  chain 
(see  Section  3.3.2).  Thej:€fore  the  only  occrection  to  be  ^plied  to  the  data  was  the 
transfer  function  of  the  heat  flux  gauge  itself.  This  could  be  done  in  one  of  two  ways. 
The  first  option  is  to  use  the  transfer  function  itself: 


(3.4) 

In  this  Ejquation  r  is  the  time  constant  of  the  sensor.  In  the  case  of  the  specific 
.sqrtqnpg  used  here  it  equals  about  17^s.  Arxjther  wsy  to  cxxrect  for  the  characteristic 
dynanic  behavicc  of  the  sensca:  -would  be  to  apply  it  point  by  point: 


Qcottji  Qraw  "b  At  *  Qrn^ -n  ”b^cw-n  +  l)  (^•^) 

Here  At  is  the  sampling  period  ard  n  is  the  time  irxlex.  The  results  of  the  two 
procedures  are  nearly  identical. 

After  applying  the  corrections  to  the  pressure  traces  (Section  3.41)  and  the 
heat  flux  traces  the  comparisons  presented  in  Sections  3. 5. 3.1,  3.5. 3.2  and  3.5.3. 3  are 
possible 
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It  needs  to  be  stated  that  the  physical  size  of  the  active  surface  of  the  heat  flux 
microsensor  (about  4  mm)  has  an  effect  on  the  frequency  response  of  the  gauge.  Heat 
flux  fluctuations  caused  by  any  perturbation  passing  tangentially  over  the  gauge  will 
be  smoothed  out  because  tte  gauge  is  spatially  int^tating  over  the  sensing  surface 
The  shxk  waves  produced  by  the  dxxk  apparatus  shown  in  Section  2.2  pass  nearly 
tangentially  over  the  gaiigps  on  the  rpstream  suction  side.  It  tahes  the  shodc  finnt 
eppraxurately  10  topass  tangesatially  ova-  asensor.  This  is  not  an^©ble  amount 
cftinEOoripared  to  the  tirne  scales  rneasured.  hfo  atterrpt  was  rnade  in  the  firaine  of 
the  work  presented  to  correct  for  this  gDatial  averaging. 
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3.5  Results  and  Discussion 


Tte  results  cf  tte  shodc  passing  experiments  "Wflll  be  presented  and  analj^zed 
in  this  Section.  Different  analytical  methods  will  be  applied  and  comparison  will  be 
made  with  the  data. 

Tb  introduce  the  reader  to  the  experirnental  results,  Section  3.5.1 -will  show  the 
Hata  talen  in  a  qualitative  ■v\0cy.  Some  general  observations  will  be  made  to  lead  into 
a  more  in  dqith  analysis.  Section  3.5.2  analyzes  the  results  isng  a  deoonnpcisiticBi 
technique.  The  different  contributions  to  the  unsteady  heat  transfer  will  be  identified 
by  an  analjtical  separation  of  the  physical  parameters  involved 

Three  different  attempts  to  predict  the  unsteady  heat  flux  from  surface  pressure 
measurements  will  be  applied  to  the  data  in  Section  3.5.3: 

1.  A  model  recently  developed  ty  Mdss  et  al.  (1995)  at  the  XJhi\€isdty  of  Ocford 
will  be  oonpared  with  the  esqjerimental  data  in  Section  3.5.3. 1. 

2.  An  <=^r1ipr  anal5tical  afproadi  to  unstearfy  heat  transfer  developed  by  Johnson 
et  al.  (1988)  at  the  same  institute  will  be  oonpared  with  the  data  and  discussed 
in  detail  in  Section  3.5.3.2. 

3.  Rigby  et  al.  (1989)  published  a  modified  version  of  this  model  in  1989  and 
added  a  thcrop^  derivation.  The  inodel  wiU  be  presented  and  oorrpared  to  the 
data,  in  Section  3.5.3.3. 

A  numerical  epproach  to  the  problem  stated  by  Johnson  et  al.  (1988)  wns 
recently  devdopedlyRdd  (1998)  at  ViigniaTfech.  The  oondrjaons  fix)mhis  research 
will  be  in  the  context  of  Johnscxi’s  and  Mes’  model  and  the  data  presented 

here  (Section  3.5.4). 
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3.5.1  General  Observations 


In  this  Section,  the  Hata.  -will  be  presented  in  a  qualitative  -way.  This  wDl  also 
serve  to  help  the  reader  physically  understand  the  flow  to  be  analyzed. 

Figure  3. 10  slx3ws  a  shadovvgr£$jh  of  the  shock  passing.  It  was  taken  with  a  hi^ 
speed  digital  camera.  The  attached  cooling  film  is  visible  on  the  blade  surface.  The 
direction  of  the  flow  and  the  progression  of  the  shock  are  shown  schematically.  Also 
shown  are  the  locations  of  the  gauges  #  1  through  3  counting  in  the  flow  direction. 
A  whole  of  ea^rt  sudi  shadowgraphs  were  talcn  (all  cf  them  are  shown  in 

ApppTv-HY  A).  The  surprising  conclusion  fixm  these  diadowgr^hs  is  that  there  is 


Figure  3.10:  Saii:pleShadowgr^3hGf  ShodcFtesiirgEJvert  vvithFllraCbal- 
ing. 


no  strong  interaction  between  the  cooling  film  and  the  shock.  No  film  separation 
or  detadiment  nor  a  ‘Sgaaration  Bubble”  (as  reported  by  Eborly  et  al.  (1985)  and 
Johnson  et  al.  (1988))  behind  the  shodc  can  be  detected 
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In  Figure  3.11,  all  available  pressure  traces  fixan  cane  of  the  xmoooled  e?q3eri- 
n  ipnif.  are  shown.  The  jxessure  sensors  in  locations  1  and  3  did  not  "work  prcperly, 
therefore  they  did  not  provide  useful  time  histories.  In  Figure  3.12,  the  heat  flux 
Hata.  corresponding  to  the  pressure  traces  shown  in  Figure  3.11  are  plotted.  In  both 
figures,  the  time  axes  are  identical  to  illustrate  the  shock  propagation  along  the  suc¬ 
tion  of  the  Hade  toward  the  leading  edge.  Also,  the  y-axes  are  identical  for 

all  graphs  on  the  figures  for  a  better  comparison  of  the  relative  magnitudes  of  pres¬ 
sure  and  heat  flux  histories  respectively.  The  pressure  histories  are  normalized  with 
the  steacfy’  pressure  before  shock  inpact  to  show  the  shock  strength  rathar  than 
absolute  values.  Only  the  unsteady  component  of  heat  flux  is  shown.  The  absolute 
value  of  heat  flux  before  shock  impact  was  removed  for  ease  of  comparison. 


1  1.1  1.2  1.3  1  1.1  1.2  1.3  1  1.1  1.2  1.3 


Figure  3.11:  Sanpde  Time  Histories  of  FVessuie  Ratio  fcr  Gauges  2, 3, 4,5 
fincHXione  of  the  Ejqpeiirnents  without  Film  Cboling. 
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Figure  3.12:  Sairple  Time  KBstories  of  I&steac^y^  Hesdb  Flux  for  Granges 
1,2,3,4,5  fiomoitK  of  the  Eb^jeriments  without  Film  Cboliug. 


Ths  shapp  cf  the  pressure  traces  observed  in  Figure  3.11  dxiwr  the  lypacal 
features  of  blast  "wsives  as  described  and  calculated  in  DaugJjLy  (1994).  It  becomes 
dear  from  Figures  3.11  and  3.12  that  ths  gauges  further  downstream  see  a  -weaker 
shock  in  terms  of  pressure  ratio  and  unsteady  heat  flux  than  the  upstream  gauges. 
The  reason  for  this  is  qualitati-vdy  deleted  in  Figure  3.13.  The  shock  -wave  has  to 
e>5»rxi  into  the  passage  after  passing  over  the  i^Dper  blade.  Shioe  energy  has  to  be 
presa:ved,  this  expansion  leads  to  a  vyeakeaiing  of  the  shock.  The  relation  between 
the  shock  pressure  ratio  and  heat  flux  due  to  shock  impingement  was  expected  and 
is  dermnstrated  experirnentaUy  in  Figures  3.11  and  3.12.  A  more  in-depth  analyas 
cf  this  corrdaticn  -will  be  presented  in  the  following  Sections. 
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Fbr  oanpletenffls,  a  sanple  time  history  of  pressure  ratio  for  gEtug^  2,4,5  and  6 
from  an  experiment  with  film  cooling  is  shown  in  Figure  3.14.  The  corresponding  time 
histories  of  unsteady  heat  flux  are  shown  in  Figure  3.15.  The  same  conclusions  that 
were  drawn  from  the  Figures  without  film  cooling  can  be  drawn  from  these  figures 
with  film  cooling.  The  major  difference  between  the  two  sets  of  Figures  is  the  fact 
that  the  heat  flux  traces  with  film  cooling  contain  significantly  more  noise  than  the 
corresponding  time  histories  without  film  cooling.  The  reason  lies  in  the  presence 
of  inherently  unsteady  mixing  processes  in  the  boundary  layer  in  the  case  with  film 
cooling.  The  pressure  traces  with  and  without  film  cooling  are  nearly  identical.  Even 
the  heat  flux  traces  in  Figures  3.12  and  3.15  are  remarkably  similar.  That  indicates 
that  the  core  flow  field  is  not  affected  significantly  by  the  presence  of  the  cooling  film. 
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3.5.2  “Unsteady  Decomposition”  of  Heat  Flux 


The  underlying  idea  in  this  Section  is  the  mathematical  and  ph^-sical  decom¬ 
position  of  the  heat  flux  due  to  the  passing  shock.  This  decomposition  will  be  the 
instrument  for  the  analysis  of  the  contributions  of  different  physical  parameters  dur¬ 
ing  the  shock  passing  event.  Since  the  analytical  model  looks  somewhat  different 
for  cooled  and  urxxxJed  cases,  this  Section  will  be  divided  into  two  major  parts.  In 
the  first  part,  the  analytical  model  for  the  imcooled  case  will  be  developed  (Section 
3.5.2. 1)  and  coirpared  to  the  measured  results  (Section  3.5.2.2).  In  the  second  part 
the  analogous  model  is  derived  for  the  case  with  film  cooling  (Section  3.5.2.3)  and 
cxDiipared  to  actual  data  (Section  a5.2.4).  The  qualitati\e  oondusians  derived  using 
the  unsteacfy  decampcEition  technique  will  be  gjven  in  Sectican  3.5.2.5. 


a5.2.1  Analytical  Model  without  Film  Cboling 

In  this  Section,  the  concept  of  the  unsteady  decomposition  of  heat  flux  will 
be  introduced.  In  order  to  analyze  the  contributions  of  different  physical  parameters 
during  the  dxxk  irnpact,  these  parameters  will  be  split  rp  into  their  time  mean 
oonpcKient  before  the  shock  inpact  (no  siperscript)  and  the  unsteacfy  ccanponent 
(Jurmg  the  shock  inpact  (siperscript ').  From  the  basic  definition  of  the  heat  transfer 
coefficient 


q  =  h-  (Taw  -  7^) 


(ae) 


follows  the  definition  of  the  heat  transfer  coefficient  in  the  uncooled  case  by  replacing 
by  the  recovesy  terqperature  7^.  In  the  conventional  notation: 
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q  =  h-  (^  —  7^) 


(3.7) 


Now  all  the  properties  will  be  replaced  hy  the  sum  of  their  time  mean  ’value  before 
shade  impact  and  their  unsteadty  ocarponent  during  shock  irrpact: 


q-i-(^^{h+H)-{Tr+X-T^-TJ  (3.8) 

0 

The  wall  tenperature  7^  does  nat  -vary  during  the  short  time  of  the  shock  impact, 
tharefere,  2^  is  set  to  zero  in  Equation  3.8.  The  basic  Equation  that  is  gedng  to  be 
ised  in  this  Section  and  Section  3.5.2.4  can  then  be  written  as: 


q =  (/i+/^)  •  (T^  ~^7^  ~  7^) 


(3.9) 


In  order  to  separate  the  different  contributions  of  unsteady  parameters,  the  right 
hand  side  of  Equation  3.9  c:an  be  expanded  to: 


=h-(7;-Tj-\-H-(7;-T^)+h-X  •  X  (3.10) 


The  first  term  on  the  right  hand  side  of  this  Equation,  /i*  (2^  —  2^),  represents  the 
steady  value  of  heat  flux  before  the  shock  impact,  or  q.  Subtracting^this  tinne  mean 
oexxponent  fiombeth  sides  yields: 
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4  =H  ■  (Tr  -  T.)-i-h-T,  +H  X 


(3.11) 


The  result  is  an  expression  for  the  unsteady  component  of  heat  flux  as  a  function  of 
all  time-varying  components.  The  first  term  on  the  right  hand  side  of  Equation  3.11, 
represents  the  first  order  contribution  of  the  time-varying  heat  transfer 
coefficient  to  the  unsteady  heat  transfer.  The  second  term,  h-T^,  is  the  first  order 
cxOTtribution  of  the  tiine-vaiying  Tecovsry  terrpaature  to  4-  term  on  the 

right  hand  side  of  Equation  3.11  is  the  combined  effect  of  the  fluctuating  components 
of  the  heat  transfer  coefiScient  and  recovery  temperature. 

The  purpose  of  thus  deoorriposdtiori  is  to  identify  the  rdative  magnitudes  of 
the  three  terms  on  the  right  hand  side  of  Equation  3.11  or,  more  specifically,  the 
oontributian  of  H  and  2^  to  the  unsteacfy  heat  transfer.  The  inportanoe  of  thus 
analysis  vdll  be  ejplaired  in  detail  in  Section  3.5.2.2. 
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3.5. 2.2  Effect  of  Shock  Passing  without  Film  Cooling 

In  this  Section,  a  oonparison  \till  be  made  between  the  model  devdoped  in 
Section  3. 5.2.1  and  measured  heat  flux  data.  This  comparison  will  yield  the  relative 
magnitudes  of  the  different  contributions  to  the  unsteady  heat  flux.  More  specifi¬ 
cally,  the  analysis  will  show  how  mxh  the  -variation  in  heat  transfer  and  recovery 
temperature  add  to  the  overall  unsteady  heat  flux. 

The  ej^jerinEnts  that  this  analyas  refers  to  and  all  inportant  px)perties  before 
dxxk  inpact  are  listed  in  Thbles  ai  throu^  3.4  The  -values  for  recovery  tenperar 

tirres  are  calculated  fixmthe  fieestream total  texiperature  before  the  shodc  inpact  by 
subtracting  the  local  23  -value  deterriirEd  in  the  stear^i^ateesperitnerits  (see  Section 
2.3.1).  SSnoe  several  -values  of  23  -were  deterrrdned  — one  fixm  eadi  experiment  — 
a  iiEan  -value  cf  23  -was  used  for  every  gau^  The  recovery  tenperatures  listed  in 
Thble  3.2  are  then  calculated  acocrding  to: 


Tri=Ti-Tii  (3.12) 

The  index  i  refers  to  the  six  gauge  locations.  The  mean  heat  transfer  coefficient  in 
Thble  3.4  is  evaluated  over  the  entire  run  as  ejplained  in  detail  in  Section  2.3.1. 
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ai:  Shodc  Strength  and  Tbtal  Tferqperaturffi  at  Shock  Lxpact  for 
All  TJf«xxjled  Ebqjerirnents 


Run  # 

Shock 

Strength 

P"^  Pm  ai 

P 

Tt 

[»C] 

i 

1 

1.23 

71.7 

2 

1.32 

71.7 

3 

1.23 

69.9 

4 

1.32 

55.9 

5 

1.23 

61.4 

6 

1.32 

53.2 

Ihble  3.2:  Recovery  Tfennpaatures  at  Shock  Inpact  for  All  Gauges  and 


All  TJfacooled  ExperiiiBits 


Run# 

Tn 

[^C] 

[°C} 

T„ 

[•C] 

Th 

[°C] 

Trs 

[OC] 

Tr6 

[»C] 

1 

65.8 

66.6 

65.9 

62.7 

61.5 

55.4 

2 

65.8 

66.6 

65.9 

62.7 

_ 

61.5 

_ 

55.4 

3 

63.9 

64.7 

64.0 

60.8 

59.6 

53.5 

4 

49.9 

50.7 

50.0 

46.8 

45.6 

39.5 

5 

55.4 

56.2 

55.5 

52.3 

51.1 

45.0 

6 

47.2 

48.0 

47.3 

44.1 

42.9 

36.8 

ThH1p>  3.a  ’W&U  Tfenperatures  at  Shock  Ihpact  for  All  Gauges  and  All 


Uhoooled  Experiments 


Run# 

[“C] 

'^2 

[°C] 

[OC] 

7^4 

[»C] 

I  7^6 
[°C]  1  [°C] 

1 

29.7 

31.2 

30.5 

30.5 

30.2 

27.1 

2 

35.2 

36.7 

36.2 

36.2 

35.9 

33.0 

3 

26.2 

27.8 

27.1 

27.1 

26.7 

23.7 

4 

34.4 

36.0 

35.4 

35.4 

35.1 

32.1  1 

5 

26.5 

28.1 

27.4 

240  1 

6 

34.4 

35.8 

35.3 

35.3 

34.9 

31.9 
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Table  3.4:  Mean  Heat  Transfer  Coefficients  for  all  Gauges  and  All  Un- 


oooled  ExperiiMeants 


Run# 

h 

h 

r-^1 

fk 

liirTTF  J 

r-^1 

[^11 

1 

1085.9 

787.5 

702.6 

9043 

871.1 

1069.1 

2 

1103.2 

795.4 

712.0 

917.8 

901.3 

1131.0 

3 

1104.5 

8011 

707.1 

901.7 

881.0 

1112.3 

4 

1126.8 

8ia7 

7240 

933.8 

911.9 

1143.6 

5 

1097.5 

797.7 

708.4 

9144 

8948 

1119.3 

6 

1100.5 

79a7 

707.5 

9144 

896.0^ 

1131.5 
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The  govanrdng  Equation  for  the  following  carrpariscn  was  developed  in  Section 
3.5.2.1: 


^^=H-(Tr-T^)+h-X+fi-X  (3-13) 

The  unsteady  variation  of  heat  transfer  coefficient  H  is  miltiplied  by  the  overall 
temperature  difference  before  the  shock  impact  {Tt  —  2^)  to  yield  the  first  order 
contribution  of  the  time  varying  heat  transfer  coefficient  to  the  unsteady  heat  flux. 
This  overall  temperature  difference  is  equivalent  to  the  time  mean  heat  flux  level 
before  the  shock  impact.  This  implies  that  the  contribution  of  the  fluctuating  heat 
transfer  coefficient  should  depend  on  the  heat  flux  level  before  the  shock  passing.  In 
oixier  to  quantify  this  oonponent,  it  was,  therefore,  necessary  to  initiate  the  shock 
at  different  levels  of  heat  flux.  According  to  the  time  histories  of  heat  flux  described 
in  detail  in  Section  2.3.1,  this  is  possible  by  triggering  the  shock  at  different  times 
during  the  tunnel  run.  Early  triggering  will  provide  a  high  initial  level  of  heat  flux. 
The  later  the  shock  is  released  the  lower  the  level  of  heat  flux  will  be. 

Figure  3.16  shows  the  elate,  fern  inrrs  2,4  aixi  6  at  the  hitler  shock  streiigth  as 
listed  in  Thble  3.1.  Fbr  the  argument  about  to  be  prcpcsed,  only  results  fixxm^ugp 
#  2  will  be  presented  at  these  exanditions  (Run  #  2,  Run  #4,  Run  ^).  At  the  end 
of  this  Section,  Figures  3.19  to  3.22  will  include  all  test  results  without  film  cooling 
from  all  available  gauges  and  different  shock  conditions.  It  can  be  seen  that  the 
three  traces  of  heat  flux  shown  in  Figure  3.16  start  from  different  levels  of  heat  flux 
before  shock  impact  (Run  2£t,  Run#!:  l^r,  Run^:  0.7^).  AnalcDgpusto 
Equation  3.13,  the  mean  heat  flux  before  shock  impact  will  be  removed  to  obtain  only 
the  unsteady  component  of  heat  flux;  Figure  3.17  shows  very  clearly  that  the  three 
time  histories  of  ur^teaefy  heat  transfa:  are  very  rrudi  alike  in  terrns  of  magnitude 
and  general  shape  even  though  the  initial  levels  of  heat  flux  were  quite  different.  This 
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Figure  3.16:  Shock  Pasdug  Events  for  Gaugie  at  Increased  Shock 
Strength  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
Initial  Heat  Flux. 

•will  lead  to  a  fer-readiing  ccjnclusiQa 

The  first  term  on  the  right  hand  side  of  Equation  3.13  states  that  the  first  order 
contribution  of  the  variation  of  heat  transfer  coefficient  H  to  the  overall  unsteacfy  heat 
flux  is  scaled  by  the  driving  temperature  difference  before  shock  impact  {Tr  —  ). 

This  temperature  difference  is  proportional  to  the  initial  level  of  heat  flux  before  shock 
impact.  The  unsteady  heat  transfer  was  shown  to  be  independent  of  this  heat  flux 
levd  (see  Rgure  3.17).  This  means  that  the  unsteady  oonponent  of  the  heat  transfer 
coefficient  is  not  contributing  significantly  to  the  overall  unsteady  heat  flux.  If  H  was 
cf  the  same  order  of  magnitude  as  /j,  the  unsteac^  oontiibution  of  H  would  have  to 
be  of  the  same  order  as  the  initial  heat  flux  level.  For  all  experiments  it  can  be  shown 
that  the  unsteady  component  of  heat  flux  does  not  scale  with  this  initial  value  of  heat 
flux.  Therefore,  it  can  be  concluded  that  the  order  oi  H  js  midi  sthaller  than  the 
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Figure  ai7:  Shodc  P^ng  EXents  for  Gauge  #  2  at  Increased  Shock 
Strength  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
Initial  Heat  Flux.  Initial  Level  of  ESeat  Flux  Renxpved. 


order  of  h.  Ne^ecting  all  terms  oontaining  H  and  reanangjng  Equation  3.13,  yields 
an  e>q5ressiQn  for  the  unsteacfy  variation  of  reooveiy  tenperature  7^ : 


X=i  (ai4) 

This  expression  states  that  the  variation  of  the  recovery  tenperature  is  proportional 
to  the  uTBteady  variation  of  heat  transfer.  Therefcxe,  the  traces  of  will  look 
exactly  like  the  traces  in  Figure  3.17  scaled  by  the  steady  heat  transfer  coefficient. 
Fbr  completeness  these  traces  are  shown  in  Figure  3. 18.  Based  on  the  traces  of  ^  in 
Figure  3.18  oi^  can  make  an  order  of  magnitude  argument  to  estimate  the  relative 
magnitude  of  hf.  2^  in  Figure  3.18  takes  values  rp  to  about  35°.  %  -%,  takes  on 
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Figure  3.18:  Shcxic  Fise^ng  Bvents  for  Gauge  #  2  at  Iiia:eased  Shock 
Strength  without  Film  Cooling.  Three  Experiments  at  Different  Levels 
of  Irutial  Heat  Flux.  Liitial  Level  of  Heat  Flux  Removed.  Oonverted  to 
ThiTperature  'S^aiation. 

sirrilar  values  as  seen  in  Thbles  3.2  and  3.3.  Then  diould  take  on  surilar 

values  as /i- (27  —  2^)  acqUH  vas  of  the  sanre  crder  of  rnagnitude  as  h.  The  traces  of 
unsteady  heat  flux  would  then  have  to  differ  by  about  1  since  the  initial  values  of 
heat  flux  differ  by  that  amount.  Such  differences  can  not  be  observed  in  Figure  3.17. 
The  significance  of  this  observation  will  be  pointed  out  more  specifically  in  Section 
3.5.2.5. 

Figures  3.19  throu^  3.23  dxjw  aU  experiments  fiTom  gEcuges  1  throu^  5  in 
ocnparison.  An  inqDection  of  these  Figures  pmvides  convincing  evidence  that  the 
observations  made  in  this  Section  are  repeatable  for  all  gscuges  and  conditions.  The 
results  from  gauge  #6  are  erroneous  due  to  a  problem  with  the  amplifier  and  are 
not  shown  here.  The  two  plots  on  the  left  hand  side  show  the  heat  flux  at  nominal 
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oooditiar^  while  tte  two  plots  on  the  ri^  show  the  results  fcr  a  higher  shock  strength. 
Tte  top  grepte  show  the  absolute  ’values  while  the  bottom  gre^hs  show  the  same 
traees  with  the  initial  value  of  heat  flux  removed. 
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f  [W/cnrP]  q+q’  [W/cit?] 


1100  1200  1300  1400  1100  1200  1300  1400 


1100  1200  1300  1400  1100  1200  1300  1400 

Time  [ps]  Time  [ps] 


Figure  3.19:  Shock  Passing  Events  for  Gauge  #  1  at  Different  Shock  Con¬ 
ditions  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
InitifdlfeafcRiixfcy E^chSIxxlcStreaigtR  TbpGk:Eqphs:  Absolute Wues. 
Bottom  Initial  "S^ilue  Subtracted. 
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f  [W/cnr?]  q+q’  [W/crrf  ] 


p  /p=1.23 

^max  ^ 


p  /p=1.32 
^max 
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1400 


1100  1200  1300 

Time  [ps] 
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Figure  3.20:  Shock  Passing  Events  for  Gauge  #  2  at  Different  Shock  Con¬ 
ditions  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
Initial  Ifcat  Flux  for  Elach  Shock  Streaagth.  Thp  Oe^ihs:  Absolute  Wues. 
Bottom  rSraph;  Initial  \^ue  SubtractecL 


[W/cnr^]  q+q’  [W/crrf  ] 


Time  [ms]  Time  [\is] 


Figure  3.21:  Shock  Passing  Events  for  Gauge  3  at  Different  Shock  Con¬ 
ditions  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
Tnitial  Heat  Flux  for  F3ach  Shock  Strength.  Tbp  Graphs:  Absolute  Wues. 
Bottom  Irutial  "N^ue  Siibtracted. 
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l’  [  W/crrP  ]  q+q’  [  W/cm?  ] 


P.ax/P=l-23  P.ax/P='-32 


Time  [ps]  Time  [ps] 


Figure  3.22:  Shock  Passing  Events  for  Gauge  #  4  at  Different  Shock  Con¬ 
ditions  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
Iiutial  Heat  Flux  fiar  Fnch  Shock  Staieugth.  Tbp  Gt^^hs:  Absolute  Wues. 
Bottom  Initial  \^ue  Subtracted 
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q+q’  [W/crrf  ] 


Figure  3.23:  Shock  Passing  Events  for  Gauge  5  at  Different  Shock  Con¬ 
ditions  without  Film  Cooling.  Three  Experiments  at  Different  Levels  of 
Initial  Ifcot  Flux  for  F^kdi  Shodc  Strea^gth.  Thp  Gt^ahs:  Absolute  Wues. 
Bottom  Gir^ih:  Initial  \^ue  Subtracted 


3.5.2.3  Analytical  Ivfcdel  -with  Film  Cboling 


The  decomposition  of  heat  flux  for  the  case  with  film  cooling  is  somewhat 
difiFerent  from  the  analysis  without  film  cooling.  That  is  why  a  separate  Section  is 
dedicated  to  the  derivation.  The  definition  of  heat  transfer  coefficient  is  the  same  for 
the  cooled  case  as  it  was  in  the  case  without  film  cooling  (in  the  old  notation): 


Q  - he  •  (^tll  ) 


(3.15) 


Analcgom  to  the  daivation  in  Section  3.5.2. 1,  the  physical  variables  are  now  rqilaoed 
by  the  sum  of  the  time  mean  value  before  shock  impact  and  a  fluctuating  component 
durirjg  the  shodc  passirig: 


q-\-4=(j\  •  (x;.  -  x:)  (3.16) 


Equation  3.16  oorKiders  the  fact  that  the  wall  temperature  does  not  vary  during  the 
shert  time  period  of  the  shock  passing  event.  Again  the  ri^it  hand  side  cf  Equation 
3.16  is  mrltiplied  out  to  obtain: 


-X;)+^*^„  (3-17) 


The  first  term  on  the  right  hand  side  of  Equation  3.17,  he  »  (2^a,  — JZJJ,),  refa:esenfcs 
the  tiriE  rrean  valm  cf  heat  transfer  befexe  the  shock  impact,  q.  After  subtracting 
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these  tiiTE  iiEan  valiies  on  both  sides  of  Equation  a  17,  an  expresaon  for  the  xmsteac^' 
component  of  heat  flux  is  obtained: 


4  (3-18) 

The  first  term  on  the  right  hand  side  of  Equation  3.18,  H  •  {Tay,  -T^),  constitutes 
the  first  order  contribution  of  the  fluctuating  heat  transfer  coefficient  to  the  overall 
unsteady  heat  trarsfer.  The  second  term  on  the  li^  hand  side,  he  describes 

the  first  order  contribution  of  the  time  varying  component  of  the  adiabatic  wall  tem¬ 
perature  to  the  overall  heat  flux.  The  combined  effect  of  the  two  varying  properties, 
heat  transfer  coefficient  and  adiabatic  wall  temperature,  is  represented  by  the  last 
term  cn  the  right  hand  tide  of  Ejquation  3.18. 

The  first  step  of  the  analysis  will  be  to  determine  the  relative  magnitudes  of 
these  three  terms  or,  more  specifically,  the  relative  magnitude  of  the  contributions  of 
H  and7^„  to  the  unsteady  heat  flux.  A  second  step  for  further  analysis  is  the  decom¬ 
position  of  the  adiabatic  wall  temperature  expressed  in  terms  of  the  film  effectiveness 
(in  the  conventional  notation): 


Taw  — 77  T)  •  (X-  7^) 


(3.19) 


A^in,  all  the  'variables  involved  are  replaced  by  the  sum  of  their  time  mean  'value 
before  shade  irrpact  and  their  unsteaefy  oonponent  during  the  shock  passing: 


Taw+Xw--Tr+T,^{V+V')-(Tr+X-Te)  "  (3.20) 
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In  Equation  3.20  it  is  assumed  that  the  coolant  exit  terrperature  does  not  chan^ 
during  the  short  time  of  the  shade  impact.  It  is  arguable,  though,  \dTether  the 
coolant  exit  terrperature  wiU  change  sometime  later  as  the  dx)ck  travels  ipstream 
aryl  reaches  the  coolant  exit  locations.  Ihis  hypothess  "will  be  investigated  in  a  fiiture 
effort. 

The  li^  hand  side  of  Equation  3.20  is  multiplied  out  and  rearran^  for 
ooncenient  analysis  to  yid<± 


T..+X.  =%-r)-Cr,-%)+X-(l-r,)-ri -(Ji-TD-r! -X  (a21) 


The  time  mean  value  of  adiabatic  wall  temperature  is  found  as  the  first  term  on  the 
ri^handsideofEquatian3.21,  7;-t7  -  (2;-2;).  After  subtracting  the  tirne  inean 
valueofl^at  transfer  fixim  both  sides  of  Ejquation  3.21,  an  expresaon  for  the  unsteaefy 
variation  of  adiabatic  wall  terrperature  is  obtained: 


(3-22) 

The  coitiibutiorB  of  the  unsteaefy  variation  of  veccNecy  terrperature  7^,  the  varying 
film  effectiveness  rf  and  their  combined  effect  are  found  in  the  respective  order  on  the 
ri^  haixi  side  cf  Equation  3.22.  It  is  of  interest  to  analyze  the  relative  magnitudes 
of  these  contributions  to  the  overall  fluctuation  of  the  adiabatic  wall  temperature. 
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3.5. 2.4  Effect  of  Shock  Passing  with  Film  Cooling 


The  first  step  in  the  analysis  will  be  the  comparison  of  actual  heat  flux  data 
to  the  mxiel  devdoped  in  3.5.23.  The  gc^al  is  to  determine  the  contributions  of  the 
unsteady  component  of  heat  transfer  coefficient  H  and  adiabatic  wall  terrperature  7^^. 
to  the  overall  ureteacfy  heat  transfer  4-  ^^le  method  will  be  arrilar  to  the  analysis 
of  the  heat  transfer  without  film  cooling  in  Section  3.5.2.2.  The  observations  will 
be  verified  for  different  conditions.  The  parameters  varied  were  the  shock  strength, 
the  ratio  of  coolant  to  freestream  total  pressure,  and  the  heat  flux  levels  (or  overall 
temperature  difference  -Z))  before  shock  inpact.  TVo  \alves  were  chosen  for 
the  shock  str^rigth:  the  ixmninal  vali:e  of  =  1.23  and  a  higher  value  of  1.32. 

Rr  the  coolant  to  fiieestream total  pressure  ratio  the  design  value  of  1.04  and  amxh 
hi^^  value  of  1.2  were  chosen  for  the  parameter  variation.  As  described  in  Section 
3.5.2.2,  it  was  attempted  to  achieve  three  different  levels  of  initial  heat  flux.  This 
test  matrix  resulted  in  twelve  experiments  overall.  The  conditians  at  shock  inpact 
are  listed  in  Tables  3.5  through  3.10  for  all  twelve  experiments  with  film  cooling  and 
aU  All  valuffi  fixam  run  ^  were  lost  due  to  a  problem  with  the  low  speed 

data,  anqni.cntinn  systym.  The  recovery  tenperatures  listed  in  Thble  3.6  weie  calculated 
ficmthe  total  tenperature  by  subtracting  the  inean  73  as  deternined  fixanthe  steac^^ 
state  expeririEnts  described  in  Section  2.3.1.  The  adiabatic  wall  tenperatures  listed 
in  Table  3.7  were  calculated  using  this  recovery  temperature  and  the  film  effectiveness 
detemined  iBing  low  speed  data  fixxn  the  entire  run  as  described  in  Section  2.3.3  and 
listed  in  Thble  3.10: 


=Zi  -  Vi  •  (Zi  -  Z) 


(3.23) 


The  index  i  refers  to  the  gauges  1  throu^  6. 
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TMjle  3.5:  IJbst  IVfafcrix,  Tbtal  IferqperaDture  and  Cbolar*  Tfenrperature  Be¬ 
fore  Shock  hrpecb  far  All  Cboled  Experirmts 


jn# 

Shock 

Strength 

Pmax 

P 

Pc 

Pec 

[-] 

Ti 

[»C] 

T, 

[°C] 

1 

1.23 

1.04 

71.7 

-118.7 

2 

1.32 

1.04 

79.1 

-99.4 

3 

1.23 

1.20 

83.7 

-68.5 

4 

1.32 

1.20 

77.3 

-80.9 

5 

1.23 

1.04 

60.1 

-127.8 

6 

1.32 

1.04 

59.6 

-95.4 

7 

1.23 

1.20 

58.2 

-99.7 

8 

1.32 

1.20 

NaN 

NaN 

9 

1.23 

1.04 

45.3 

-67.0 

10 

1.32 

1.04 

40.9 

-122.8 

11 

1.23 

1.20 

42.1 

-67.1 

12 

1.32  1 

1  1.20 

41.5 

-37.1 

IM^le  3.6:  Recovery  Thnryea-ature  Before  Shock  Lrpact  for  All  Ganges  and 
All  Cooled  E?^3etiments _ 


Run# 


Tn 

[°g] 

65.8 

73.2 

77.8 

71.4 

54.2 
53.7 

52.3 
NaN 

39.4 
35.0 

36.2 

35.6 


Tri 

[°g] 

66.6 

74.0 

78.6 

72.2 

55.0 

545 

53.1 
NaN 

40.2 

35.8 
37.0 

36.4 


Tr3 

[°C] 

65.9 

73.3 

77.9 

71.5 

54.3 
53.8 

52.4 
NaN 

39.5 

35.1 

36.3 

35.7 


Tri 

[°g] 

62.7 

70.1 

74.7 

68.3 

51.1 

50.6 

49.2 
NaN 

36.3 

31.9 

33.1 

32.5 


Tr, 

[°c] 

61.5 

68.9 

73.5 

67.1 

49.9 

49.4 
48.0 
NaN 

35.1 

30.7 

31.9 

31.3 


Tri 

m. 

55.4 

62.8 

67.4 
61.0 

43.8 

43.3 

41.9 
NaN 
29.0 

24.6 

25.8 

25.2 


l^le  3.8i  'W&U  'Itoperafcure  Before  Shock  Irrpact  for  All  Ganges  and  All 
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Table  3.9:  Heat  Transfer  CoefRcient  for  All  Gauges  and  All  Cooled  Ex- 


periments 


Run# 

[w] 

L  J 

h:Z 

^4 

^6 

1 

1512.5 

956.7 

755.2 

1014.4 

1028.2 

1373.0 

2 

1403.3 

940.2 

7529 

997.7 

969.9 

1341.9 

3 

1302.0 

859.1 

7842 

1022.1 

9837 

1203.4 

4 

1375.2 

887.5 

776.5 

1021.3 

1014.8 

1256.7 

5 

1354.4 

920.1 

768.2 

9146 

969.1 

1248.2  1 

6 

1374.0 

919.6 

7522 

965.3 

953.9 

1254.6 

7 

867.8 

875.8 

6549 

1098.2 

9885 

1200.0 

8 

NaN 

NaN 

NaN 

NaN 

NaN 

NaN 

9 

1332.9 

919.5 

7181 

9841 

9549 

1329.1 

10 

13ia3 

899.3 

770.4 

989.7 

979.7 

1312.5 

11 

1218.8 

869.1 

7630 

9939 

9981 

1251.9 

12 

1318.9 

8448 

7626 

9529 

9883 

1245.4 

Table  3.10:  Film  Effectiveness  for  All  Gauges  and  All  Cooled  Experiments 


Run# 

Vi 

[-] 

[-] 

% 

H 

Vi 

[-] 

rk 

[-] 

V6 

[-] 

1 

0.309 

0.181 

0.347 

0.226 

0.188 

0.260 

2 

0.296 

0.184 

0.327 

0.223 

0.176 

0.279 

3 

0.174 

0.235 

0.159 

0.188 

4 

0.231 

0.237 

0.172 

0.216 

5 

0.184 

0.353 

0.221 

0.204 

0.274 

6 

0.341 

0.274 

7 

0.256 

wmm 

0.190 

0.247 

8 

NaN 

NaN 

NaN 

NaN 

NaN 

NaN 

9 

0.289 

0.164 

0.325 

0.210 

0.179 

0.293 

10 

0.331 

0.181 

0.345 

0.225 

0.198 

0.278 

11 

0.201 

0.177 

0.209 

0.220 

0.167 

0.217 

12 

■ilisfl 

■uga 

0.188 

0.204 

0.145 

0.219  1 
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The  basic  Eiquation  for  the  analy^  is  Equation  3. 18  fixam  Section  3.5.2. 3  -which 
is  repeated  here: 


4  =  fit'  (^w  —  X  )  +fk  •  +K  ’  '^av>  (3.24) 

The  contribution  of  the  unsteady  component  of  the  heat  transfer  coefficient  to  the 
overall  xinsteady  heat  flux  due  to  shock  impingement  is  the  first  term  on  the  right 
hand  side  of  Equation  3.24.  It  is  multiplied  by  the  overall  temperature  difference 
befcxettedxxk  inpact.  This  nearB  that  its  oontributicn  is  pxpoiticnal  to  the  heat 
flux  level  before  shodc  impact.  To  analyze  its  relative  magnitude  the  experiments 
were  done  at  three  different  levels  of  initial  heat  flux. 

Rr  the  argument  about  to  be  suggested,  data fiom gauge  #  1  and  runs  #4, 
:#8aixi#12-willbeused.  This  set  cf  data  iUustrates  the  oondisons  to  be  drawn  relar 
ti-vdy-wdl.  In  the  oondixingRgures  3.27  through  3.31  afl  data  j&tamaUexpoiinents 
■will  be  shown.  In  Rgure  3.24  the  three  traces  of  heat  transfer  are  shown  prior  to  any 
riBnipulatiaa  The  traces  before  the  shock  inpact  show  a  very  unsteacfy-  behavior. 
This  is  true  for  all  experiments  with  film  cooling.  The  unsteadiness  is  introduced 
by  the  presence  of  inherently  unsteady  film  mixing  processes  and  the  motion  of  the 
codling  jets.  This  pcises  two  problerns: 

1.  A  point  in  tine  or  a  -window  of  time  before  the  the  shock  iirpact  has  to  be 
chosen  to  find  the  mean  value  of  heat  flux  before  shock  impact  q.  This  chcaoe 
is  necessarily  arbitrary.  To  best  capture  the  effect  of  the  passing  shock  a  time 
■window  of  5^s  just  before  the  shock  inpact  -was  used  for  the  detemination  of 
q.  This  problem  was  not  present  in  the  analysis  without  film  cooling.  For  the 
case  without  film  cooling  the  heat  transfer  before  the  shock  imp^t  was  a  steady 
value  without  significant  fluctuations. 
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Figure  3.24:  Shock  F^^aiig  EJvents  for  Gauge  #  1  at  Increased  Shock 
Strength  with  Strong  Film  Cooling.  Three  Experiments  at  Different  Levels 
of  Initial  Heat  Flux. 

2.  The  fluctuations  due  to  the  presence  of  the  film  cooling  superimpose  with  the 
ur^teacfy  heat  transfer  caused  ty  the  passirig  shock  This  si;perinpG6ed  random 
signal  blurs  the  effect  of  the  passing  shock  somewhat.  Still  the  effect  of  the 
passing  shock  is  distirxrtly  visible  and  an  analysis  is  pcBsible. 


Figure  3.25  shows  the  traces  with  the  “mean”  heat  flux  level  before  shock 

irnpact  removed  The  three  traces  cio  riot  ooiixicle  as  cloBely  as  vas  the  case  in  Secticai 
35.2.2.  Also,  there  is  more  variation  between  the  traces  before  and  after  the  shock 
irnpact.  Still,  it  can  be  cbserved  that  the  magnitudes  of  the  unsteac^  heat  transfer 
do  not  correlate  with  the  initial  level  of  heat  flux.  This  observation  is  essentially 
triK  for  all  experiments.  Even  thoy^  the  variations  in  unsteacfy  heat  transfer  fium 
experiment  to  experiment  are  significant,  they  do  not  correlate  with-the  initial  level 
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Figure  3,25:  Shock  Pasaiig  EXents  for  Gauge  #  1  at  Increased  Shock 
Strength  with  Strong  Film  Cooling.  Three  Experiments  at  Different  Levels 
of  Iiutial  Fisat  Flux.  Initial  Lev^  of  Heat  Flux  Removed 

of  heat  flux  before  shock  impact. 

The  unsteady  variation  of  heat  transfer  coefficient  is  multiplied  by  the  over¬ 
all  temperature  difference  before  shock  impact  to  yield  the  contribution  of  hf  to  the 
unsteacfy  heat  transfer.  This  inplies  that  the  unsteacly  conpcsnent  of  heat  transfer 
would  depend  on  the  heat  flux  before  shock  impact  which  is  equivalent  to  the  overall 
temperature  difference  before  shock  impact.  Figure  3.25  shows  that  there  is  no  cor¬ 
relation  between  the  unsteady  component  of  heat  flux  and  the  initial  heat  flux  level. 
This  can  only  be  the  case  if  is  not  significantly  large.  So  it  can  be  concluded  that 
the  variation  of  heat  transfer  coefficient  is  of  ninor  inpcrtanoe  in  the  heat  transfer 
due  to  shock  inpact.  Based  on  this  oondijsion,  all  terms  oontaining  fi  in  Bqpjation 
3.24  will  be  droppecL  After  rearran©ng,  this  yields  an  oqxessicn  for  the  variation  of 
adiabatic  wall  tenperature: 
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(3.25) 


Tie  traces  of  the  variation  of  adiabatic  'vwall  tenperature  obtained  fiomthis  expression 
are  scaled  iirages  of  ths  traces  of  ^  of  Rgure  3.25.  Rsr  oanpleteness  the>"  are  shown 
in  Figure  3.26.  Tb  convert  4  fiem  run  to  tenperature  a  rrean  heat  transfer 


500  600  700  800 

Time  [  ps  ] 


Figure  3.26:  Shock  Ftesiiig  Elverits  fix-  Grange  #  1  at  Increased  Shock 
Strength  with  Strong  Film  Cooling.  Three  Experiments  at  Different  Levels 
nF  Irntial  Hsat  Flux.  Lnitial  Level  cDf  Ffeat  Flux  FlemovecL  Oosnverted  to 
Tfenperature  'VhriatiQn. 


coefficient  of  \MlW/(piK)  vas  used 

Wth  the  traces  of  adiabatic  wall  tenperature  in  Figure  3.26,  ancther  sip- 
partipg  argument  for  the  oondusian  that  is  ne^gble  can  be  found  The  order  of 
magnitude  of  is  about  the  same  as  (T^u,  —  211, ).  Then,  if  was  of  the  same  order 
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cfnBgratudeas;?^,  theoonbibiitiQncf -  7;. )  wjuld  ha\«  to  be  of  the  same 
order  as  the  initial  heat  flux  level  q.  This  cannot  be  observed  from  the  data  in  figure 
3.25.  It  has  to  be  concluded  that 

This  c)bea^^on  is  essentially  true  for  all  experiments.  A  oonparative  sun> 
irary  of  all  these  experiments  is  gven  in  Figures  3.27  throng  3.31.  Tb  oonvtit  ^  in 
these  Figures  to  a  mean  heat  transfer  coefficient  from  each  set  of  three  runs  was 
used.  Since  the  variation  of  heat  transfer  coefficient  within  those  sets  is  relatively 
small  (see  Table  3.9),  this  procedure  is  justified.  Compared  to  the  data  without  film 
cooling  this  datashcFwvs  more  iiiperfectians.  Fbr  exanple,  run  #1  appears  erroneous 
on  gangps  1  and  2  vdule  it  seems  absolutely  reasonable  cxi  gauges  3,  4  and  5.  Another 
‘bad”  example  is  run  A  spahe  of  sorts  appears  at  a  time  around  58QfiS,  and 
the  data  of  gaugR  3  fiom  this  run  is  unusable,  i'^ort  fiom  these  gjitches,  the  data 
sipports  the  oonduaons  drawn  above. 
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Figure  3.27:  Shock  Passing  Events  for  Gauge  #  1  at  Different  Shock  Con¬ 
ditions  with  Film  Cooling.  Three  Experiments  at  Different  Levels  of  Initial 
’HBSSt  Flux  for  F}acii  Shocic  and  Cboling  Strerigth.  Tbp  GSre^ahs:  Absolute 
\^ues.  Bottom.  GkEqph:  Initial  \4ilue  Subtracted. 
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Figure  3.28:  Shock  Passing  Events  for  Gauge  #  2  at  Different  Shock  Con¬ 
ditions  with  Film  Cooling.  Three  Experiments  at  Different  Levels  of  Initial 
Hsat  Flux  fix*  F^acii  Shodc  and  Cboling  Strength.  Tbp  Gi^E^ahs:  Absolute 
\hlxjes.  Bottom.  Initial  "Value  Subtracted. 
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Figure  3.29:  Shock  Passing  Events  for  Gauge  #  3  at  Different  Shock  Con¬ 
ditions  with  Film  Cooling.  Three  Experiments  at  Different  Levels  of  Initial 
Heat  Flux;  for  Fhch  Shcxk  arxi  Cboliug  Strength-  Tbp  Gk^phs:  Absolute 
\hlues.  Bottom  Gk^ih:  Irdtial  "Vhlue  Subtracted. 
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Figure  3.31:  Shock  Passing  Events  for  Gauge  #  5  at  Different  Shock  Con¬ 
ditions  with  Film  Cooling.  Three  Experiments  at  Different  Levels  of  Initial 
I^at  Flux  for  Ehcii  Shock  arxi  Cboling  Streaigth.  Thp  Gkaphs:  Absolute 
\^ues.  Bottom  Gk-eqab:  Lnatial  \^ue  Subtracted- 
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To  complete  the  investigation  of  unsteady  heat  flux  due  to  shock  passing,  the 
relative  magnitude  of  the  unsteady  variation  of  film  effectiveness  will  be  investigated 
according  t»  the  decoirposition  technique  lacyed  out  in  Section  3.5.2.3.  Tb  illustrate 
the  aigurrETit,  results  fixmonly  ore  set  of  (data  vwll  be  iJsecL  In  the  ccodixfiiig  Section 
all  data  vdll  be  shown  subjected  to  the  same  analyas. 

Tie  irrstearfy  wiation  of  adiabatic  vvaU  tearperatirie  was  analytically  decom¬ 
posed  in  Elquatian  3.22  in  Section  3.5.2.3: 


X.=X^(^-r})-ri^{Tr-T.)-r^■X  (3-26) 

Basically,  this  Equation  states  that  the  fluctuation  of  adiabatic  wall  temperature  is 
composed  of  three  contributions.  The  first  term  on  the  right  hand  side  contains  the 
first  order  contribution  of  the  fluctuation  of  the  recovery  temperature  X  •  Its  influence 
is  attenuated  by  the  fllm  effectiveness  before  shock  impact  (1  —  r}).  The  second  term 
on  the  right  hand  side  contains  the  first  order  contribution  of  the  fluctuation  of  film 
effectiveness  scaled  by  the  temperature  difference  before  shock  impact  rf  ■  (X  —  X)- 

The  fluctuation  of  adiabatic  wall  temperature  was  determined  in  the  first  part 
of  this  Section  to  be  proportional  to  the  unsteady  heat  flux  since  the  variation  in  heat 
transfer  coefficient  was  shown  to  be  small. 


X,  (a27) 

The  fluctuation  of  recovery  temperature  can  be  assumed  to  be  the  one  determined  in 
Section  3.5.2.2fixm  the  urxxxdedejq^eriments.  There  is  no  reason  to  suggest  that  the 
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recovery  temperature  would  behave  differently  for  a  film  cooled  or  an  uncooled  blade 
eKposed.  to  the  same  plhtysl*^  phenomaxai.  Therefore,  it  can  be  ®T^^6ssed 
Ejquatian  3.14  fixam  Section  3.5.2.2: 


(3.28) 


For  the  purpose  of  the  argument  about  to  be  made,  aU  except  the  first  term  on  the 
right  hand  side  of  3.26  will  be  dropped.  Then  the  fluctuating  component  of  adiabatic 
v^aU  terrperature  is  ejqxessed  by; 


2:.  =3; -(1-7?) 


(3.29) 


A  comparison  is  shown  in  Figure  3.32  between  the  fluctuating  component  of  the 
adiabatic  wall  temperature  from  the  cooled  run  #2  gauge  #1  and  the  fluctuating 
cxxrpcoEnt  of  the  recovay  tenperature  fixan  the  unooded  run  #2  ^ujgs  #1  molti- 
pliedtiy  (1-7/),  which  takes  on  the  value  of  0.704.  The  gpod  agjxement  of  the  traces 
in  Figure  3.32  suggests  that  the  correlation  between  the  fluctuating  component  of  the 
adiabatic  wall  temperature  and  the  fluctuating  component  of  recovery  temperature 
is  well  predicted  by  Equation  3.29.  Qualitatively,  one  may  conclude  that  the  fluctu¬ 
ation  of  the  adiabatic  wall  tenperature  is  related  mostly  to  the  variation  of  recovery 
tenperature  Figures  3.33  throu^  3.37  shew  all  data  ftom  aU  gauges  treated  the 
same  way  as  in  figure  3.32. 

Tb  bade  rp  the  conclusion  drawn  above,  one  may  also  consider  an  order  of 
ixBgnitude  argument.  (Tj!  -  2^)  in  Eejuation  3.22  takes  on  values  between  TCPC  and 
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Figure  3.32:  Cbtrpariscmof  3^^  #2  Gauge  #1  with  Film  OccOixig 

and  2;  •  (1  -  77)  fiumRun  #2  Gauge  #1  without  Film  Gooliug. 

19CPC  (as  can  be  obtained  from  Tables  3.5  through  3.10).  If  the  variation  of  film 
effectiveness  77'  was  of  the  same  order  of  magnitude  as  77,  the  -vaiiaticms  of  adiabatic 
wall  tenpeiature  would  have  to  be  of  the  order  of  IQPC  to  6CPC  abc^e  or  below' 
2;  •  (1  -  77).  That  is  clearly  not  the  case  as  can  be  seen  ftom  Rgures  3.32  and  3.33 
thrc)ugji3.37.  The  variation  of  2^^,  fix>m2;-(l- 77)  does  not  ejooeed  about  5°C.  Also, 
the  difference  does  not  show  any  specific  pattern  comparing  different  runs.  It  can  be 
concluded  that  the  variation  of  film  effectiveness  does  not  contribute  significantly  to 
the  variation  in  unsteady  heat  transfer.  It  is  significantly  smaller  in  magnitude  than 
the  steady  value  of  film  effectiveness. 
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3.5.2.5  Cbndtson  from  the  lAisteacly  Decatrpcaation  Ifechnique 

The  conclusion  ftom  the  four  preceding  Sections  nust  be  that  the  unsteacfy 
heat  transfer  with  and  without  film  cooling  is  driven  mainly  by  a  temperature  vari- 
ation  irdixKd  by  the  ocaxpnessian  associated  with  the  passing  shock  wave.  In  the 
expoinEnt,  this  tenperature  variation  causes  a  very  visible  increase  cf  heat  transfer 
cjver  a  period  of  tinne(3f  the  sanrEcrdercfrnagriitude  as  the  blade  pasang  period.  The 

shock  adds  energy  to  the  flow  field  over  this  amount  of  time.  In  the  engine,  the  situa¬ 
tion  is  fundamentally  different.  The  temperature  field  seen  by  the  rotor  blades  varies 
peri(DcficaUy  arourd  its  rnean  value.  As  the  cfisc^usaon  cf  the  imsteacfy^  cieooripcsition 
technique  indicated,  the  unsteady  heat  flux  is  primarily  caused  by  temperature  fluc¬ 
tuations.  Since  these  vary  around  a  mean  value  the  heat  flux  will  also.  In  other  words, 
the  time  mean  heat  flux  for  a  rotor  blade  that  interacts  with  upstream  shock  waves 
win  not  be  significantly  different  from  the  time  mean  heat  flux  the  blade  experiences 
with  a  uniform  inlet  flowfield. 

This  exfcrapolaticn  of  the  experirnerital  results  has  to  be  considered  with  care 
fhnngh  Several  pararrEters  that  were  not  included  in  the  parariEter  variation  may 
affect  the  validity  of  the  conclusions.  For  example  it  is  possible  that  a  turbulence  level 
different  than  the  one  in  these  experiments  (about  1%)  will  influence  the  reaction  of 
the  boundary  to  the  shock  impingement.  Another  influential  parameter  may  be  the 
state  of  the  boundary  layer  in  the  experiments  without  film  cooling.  A  completely 
turbulent  or  especially  a  transitional  boundary  layer  might  show  different  degrees  of 
sensitivity  to  disturbances. 
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3.5.3  “Direct  Comparison”  of  Predicted  and  Measured  Heat 
Flux 

3-5.3.1  M^es’  Tvlxkl 


In  this  Chapter  the  data  taken  with  and  without  film  cooling  will  be  compared 
to  a  mxM  suggested  hy  Mass  et  al.  (1995)  and  in  Mdss  et  al.  (1997).  Ham  heat 
transfer  and  static  pressure  measuremeiits  on  the  surfeoe  of  rotor  blades  in  a  rotating 
turbine  rig,  Moss  deduced  that  the  unsteady  component  of  heat  flux  could  be  predict¬ 
ed  very  well  by  simply  assuming  a  constant  heat  transfer  coefficient  and  isentropically 
predicting  a  texnperature  variation  fiam  the  pressure  variation.  In  those  experiiiEnts, 
there  were  no  shocks  present,  so  only  the  effects  of  the  wake  on  the  rotor  surface  heat 
transfer  were  modeled.  Also,  the  experiments  did  not  involve  film  cooling.  Here,  the 
same  procedure  is  going  to  be  applied  to  the  data  taken  with  film  cooling  and  shock 
passing  in  a  stationary  linear  cascade.  The  predicted  and  the  measured  heat  flux  will 
be  conpared  and  coodusions  ■will  be  drawn  flam  this  oonparison 

When  comparing  measurements  from  different  transducers  directly,  one  has  to 
know  the  cfynanic  behavicfur  cf  eadi  of  these  transducers.  It  -was  because  cf  this 
leoessity  that  the  c^marric  behavicr  of  both  gauges  "was  investigated  in  depth  as 
reported  in  i^pendioes  C  and  R 

Rom  these  investigations,  it  became  dear  that  both  signals  (heat  transfer  and 
surface  pressure)  had  to  be  recorded  at  the  same  sampling  and  cut-off  frequency 
and  that  both  signals  had  to  be  corrected  for  thdr  dynamic  behaviour  in  order  to 
oonpare  both  signals  directly.  Because  of  the  requirement  for  equal  sanpling  and 
cut-off  frequencies,  it  was  not  possible  to  use  the  data  presented  in  Section  3.5.2  for 
the  puip>ose  of  this  investigatian.  The  only  way  to  use  it -would  have  been  to  digtafly 
filter  the  heat  flux  signals  to  the  cut-off  frequency  of  the  Kvlite  transducers  (25  kHz) 
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and  pta.fcg.iii  the  ccinnpaiiscin  at  this  low  levd  of  frequency  cxintexit.  Snoe  the  firecjuency 
band  fixjmO  to  25  kHz  is  not  nearly  adequate  to  obtain  a  gpod  representation  of  the 
shock  event,  that  prc»oe(iure  was  decided  agEiinst.  Instead,  a  nixh  shorter  safes  of 
tests  with  less  gauges  was  performed  to  verify  Moss’  conclusions  with  film  cooling  and 
shock  passing.  All  signals  were  acquired  at  a  sampling  rate  of  500  kHz  and  a  cut-off 
frequency  of  100  kHz.  Tlo  ^dn  setting  on  the  2310  IVfeasurement  Gtoip  strain  gapge 
amplifier  and  signal  conditioner  was  set  to  a  value  of  10  to  avoid  strong  interference 
inthefre^cencyraiigBipto  lOOkHz.  The  gain  setting  of  the  Vatell  Amplifiers  6  was 
100  and  was  assumed  not  to  have  any  significant  influence  in  this  frequency  range. 

The  clata  was  treated  acxxxding  to  the  procficlure  presented  in  Sectioris  3,42  and  3.4 1. 


Only  gignflig  frcoi  gaiigRR  1  and  2  were  reaxded  Three  esq^eriments  were 
done,  nm  #1  and  #2  with  film  cooling  at  nominal  conditions  and  run  #3  without 
film  coohng.  The  conditions  for  the  different  runs  are  shown  in  Table  3.11  and  the 
fYTnrtitifTnR  at  shock  iirpact  are  shown  in  Thble  3.12. 


3.11:  Ttet  IVfetrix;  and  Reirameftas  for  All  Runs  and  Gauges  1  and 


Run# 

Shock 

Strength 

r^'Pmox 

V 

Vc 

Poo 

[-] 

h 

&] 

h 

r  1 

Vi 

[-] 

V2 

[-] 

1 

1.32 

1.04 

862 

795 

2 

1.32 

1.04 

775 

800 

3 

1.32 

na 

666 

690 

na 

na 

Thble  3.12:  Oanditiccns  at  Shiock  Irrpact  fc»:  AU  Runs  and  Gauges  1  and  2 
for  ‘TXrec±  CbrapariscHT’’ _ _ _ _ _ _ 


Ihm# 

Tt 

[^C] 

HI 

Tn 

[»C] 

Tr2 

[OC] 

nsi 

[“C] 

BSl 

m 

m 

1 

70.0 

-103.0 

64.1 

64.9 

140 

34.7 

8.2 

10.5 

58.1 

56.1 

2 

-139.0 

69.2 

70.0 

0.5 

30.3 

-4.3 

-1.0 

60.0 

5a5 

3 

79.3 

na 

73.4 

74.2 

73.4 

74.2 

27.4 

27.1 

64.2 

62.5 

If  Moss’  conclusion  holds  true  for  heat  transfer  with  shock  passing  and  film 
cxxding,  the  fidlovwng  procedure  should  provide  a  gpcd  predictian  cf  the  unsteacfy 
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heat  transfer 


1.  Ekomthe  ratio  of  unsteacfy- static  pressure  over  mean  static  pressure  befiDie  shock 

irxpact,  calculate  a  variation  of  unsteacfy  tenpa:ature,  assuning  an  isentrcpic 
oon^xession.  The  ten^aerature  that  this  compression  is  ^^lied  to  has  to  be  the 
static  fteestream  temperature  (see  in  ThHe  3.12).  EX^n  thougji  Mass  does  not 
specifically  elaborate  as  to  which  temperature  he  is  applying  the  compression 
to,  it  surely  has  to  be  the  static  temperature,  since  it  is  calculated  using  the 
static  pressure. 


(3.30) 


Or  rearranged: 


X=T.-  (^(^)  ’  -  l)  (3-31) 

2.  So  the  static  fieestream  temperature  is  calculated  from  the  fieestream  total 
temperature  and  the  Tv^fech  Nuniaer  daived  fixanthe  ratio  of  mean  local  static 
pressure  and  fieestream  total  pressure.  Then  the  unsteacfy"  variation  of  static 
temperature  is  known. 

3.  This  unsteady  temperature  variation  is  multiplied  hy  the  stearfy  heat  transfer 
coefficient  to  yield  the  predicted  unsteady  heat  flux  according  to  Moss’  conclu¬ 
sion. 


4=h-T.- 


(3.32) 
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In  aserae,  this  rrethcxi  can  be  looked  at  as  an  extension  of  the  deoonposition 
technique  layed  out  in  Section  3.5.2.  There,  the  unsteady  heat  flux  was  decomposed 
into  its  different  components,  and  it  was  concluded  that  all  components  containing  H 
•were  n^i©ble  Then,  Equatiors  3.11  and  ai8  were  VEed  to  calculate  the  unsteacfy 
variation  of  temperature  from  the  measured  heat  flux.  No  explanation  was  given  for 
these  temperature  variatioins.  h/fcas’  oondusion  leading  to  Equation  a32  is  an  atternpt 
to  explain  the  temperature  variation  and  predict  the  the  unsteacfy’  heat  transfer. 

This  techrflque  wiU  be  iUirstrated  rrang  data  fixm  gEtugp  #  2  and  uroooled  run 

#  3.  The  foDm  all  three  runs  and  two  gEtugps  will  be  presented  in  Rgures  3.41 
through  3.43.  The  raw  traces  of  pressure  and  heat  flux  before  any  signal  processing 
are  shown  in  Figure  3.38.  Both  traces  are  shown  in  the  same  gjraph  to  facilitate 
ocffrparison-  In  this  it  seems  that  both  traces  are  simolar  in  sh^De,  and  a 


Figure  3.38:  Shock  Ftesing  EXeti;  for  Gangp  #  2  fixjm  XJ5ioooled  Ftun 
Raw  .Signals  of  Rnessure  Ratio  and  XAisteacfy'  'Heat  Flux. 


prediction  of  heat  flux  from  pressure  may  easily  be  possible.  The  data  needs  to 


117 


be  treated  acoordii^  to  the  procedure  explained  in  Sections  3.4.2  and  3.4.1.  The 
influence  of  the  transfer  functions  of  both  transducers  is  too  significant  to  be  ignored 
in  this  analysis.  The  traces  after  the  correction  are  shown  in  Figure  3.39.  The  scales 


Figure  a39:  St^xicPsesirigEv^  for  Gauge  #  2  fixanOicxxiledRun 
FVxxsessed  Signals  of  Rnessure  Ratio  and  tteteacfy  Ffeat  Flux- 


in  Figures  3.38  and  3.39  are  identical  in  order  to  illustrate  the  significance  of  the 
data  correction  applied.  The  magnitudes  and  shapes  differ  strongly  between  the  two 
figures.  Still,  the  general  shapes  of  the  two  curves  seem  comparable. 

In  Figure  3.40  the  corrected  measured  heat  flux  and  the  predicted  heat  flux 
acooixling  to  Equation  3.32  are  conpared  The  order  of  magnitude  of  heat  trans¬ 
fer  is  vieU  predicted  as  is  the  general  trend.  Ou  the  other  hand,  the  matdi  is  net 
close  enough  bo  attribute  all  the  unsteaefy  heat  transfer  to  the  temperature  variation 
shown  here.  Figures  3.41  through  3.43  show  different  degrees  of  agreement  between 
the  prediction  and  the  actual  heat  flux.  The  model  works  with  varying  degrees  of 
sucxKss.  This  is  certainly  due  in  part  to  remaining  unoertairtdes  in  the  dynamic 
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iilgurea4D:  Shcxic  Ftesii^  Ever*  fcx- Glai:?g!e  #  2  fixim  liiaxaled  Run 
fVedicted  and  ^^feasured  Listeacfy’  JJBsi,  Flux. 

chaiBctearization  of  the  sensors. 

Generally  speaking,  the  model  provides  a  good  prediction  of  heat  flux  taking 
into  acxxjunt  its  arrplicity.  It  is,  therefore,  valid  to  s^  that  it  sij^ports  the  conduaans 
drawn  in  Section  3.5.2  in  that  it  assumes  a  constant  heat  transfer  coefficient.  This 
cxinddes  with  the  ocndusion  that  H  is  n^igjble. 
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Gauge  #1,  Raw  Data 
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Figure  3.41:  Shock  Ftesii^  Event  from  with  ITlmCboling.  Moss’ 

MtxM  And  Cbnopariscin  with  Data. 
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Gauge  #2,  Comparison 


Figures.-^  Slxxic  Raesiiig  Eivent  from  Run  wthFilmChcJiiTg.  Mass’ 

Nbdeil  And  Cbfnrparison  with  Data. 
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(p+p’)/p  [-]  (p+p’)/p  t- 


’  [W/cnf  ]  q’  [W/crrf  ]  q’  [W/cnf  ] 
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(P+pVp  [-]  (P+P’)/P  t- 


3.5.3.2  Johnson’s  Mbdd 


Alaigeanixirt  ofwxkhasbeenpiiilishedlyAR  Johnson’s  team  at  Qxfcrd 
IM-vasity.  They  eppxDad^d  sinilar  issues  to  the  ones  presented  in  this  dissertation, 
but  they  do  so  in  a  quite  different  manner.  Instead  of  the  shock  tube  arrangement 
iicyyi  here,  they  built  a  notating  bar  mechanism  to  produce  shcxdc  ■waves  and  ■wakes  to 
interact  with  the  rotor  blades  in  a  linear  cascade.  They  measured  the  unsteacfy  heat 
trarsfer  aixi  surfece  pressure.  In  Johnson  et  al.  (1988)  they  publidied  a  thecretical 
nrxM  of  the  ureteacfy  heat  transfer  and  oonpared  it  to  thdr  data.  This  model  will 
be  to  the  -taten  for  this  ■work.  Even  thougji  ■the  experiments  done  in 

Oxford  did  not  involve  film  cooling,  the  model  should  still  be  applicable  because  of 
its  many  simplifications. 

The  data  used  for  this  oonpariscxi  is  the  same  that  ■was  used  in  Section  3.5.3.1 
for  oorrparison  with  Moss’  Model  and  was  treated  the  same  wcy  before  use  in  the 
analysis. 

After  simplifying  the  energy  equation  including  first  order  perturbations  down 
to  the  one-dimensional  heat  conduction  equation,  Johnson  finds  the  general  solution 
of  the  surface  heat  flux  in  the  Laplace  domain  to  be: 


9.  =  \/p  •  q.  •  Kguiv  •  ^  •  vS 


(3.33) 


This  is  Equation  (14)  in  Johnson  et  al.  (1988).  The  overline  over  a  function  denotes 
its  Laplace  trareform,  2^  deixitessiorrEkirdofunsteac^nearwaUteriperaturehistaty 
and  s  is  the  Lsplaoe  variable.  The  term  y/p  •  q,  •  ^  refers  to  a  wei^ited  product 
taking  into  account  the  thermal  product,  (3,  of  the  gas  and  the  surfece  material. 
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Vp'C'Kguiv 


Vp  c-  k,-  y/p-Cp-  k 

Vp  •  c-  k, 


(a34) 


Ths  subecript  describes  the  gas  properties  (fig  =6.9%^).  The  subscript  ‘y’ 
refers  to  the  material  of  the  surface  that  the  heat  flux  is  transferred  to,  in  our  case 
the  Vatdl  HFA^r/L  heat  flux  sensor  (fi,  =21551.4j^^).  Therefcre,  fi,g^i^  =fig 
without  any  significant  error.  The  gas  temperature  fluctuation  is  then  calculated  from 
the  surface  static  pressure  clata  assurraiig  an  isentrc^c  ccrrpressioirL  The  assurrptian 
ctf  an  isentropdc  oorrpressiaii  is  valid  for  relatively  \\eak  shcxis  as  the  ones  used  in 
Johnscxi  et  al.  (1988)  and  in  this  investigaticarL  As  the  base  temperature  fcr  the 
calculation  of  2^,  the  fieestream static  temperature  Tt  will  be  used  as  cletermined  in 
Section  3.5.3. 1: 


(3.35) 


The  naethod  will  be  F»:'esented  uang  the  data  fixxn  gauge  #1  and  unoooled  run  ^ 
aoxxding  to  Thbles  3.11  and  3.12  in  Section  3.5.3.I.  The  pressure  trace  fixan  this 
experiment  and  gauge  are  drown  again  in  Figure  3.44  along  with  the  gps  temperature 
ralmifltfyl  using  the  isenttcpic  assumptioai.  The  discrete  temperature  history  diown 
in  Figure  3.44  can  now  be  decomposed  into  linear  components  according  to: 


(3.36) 

n=3 

Here,  it  is  assumed  that  the  time  series  starts  at  n  =  1  and  =  0.  It  is  also 
assumed  that  the  first  two  values  of  gas  temperature  are  zero.  2^  was  rq)laoed  ty  T 
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Figure  3.44:  Shcxk  PEeapg  F}vent  fcr  Gauge  #  1  fixim  liKXxded  Run 
ifa.  Pressure  Raticas  and  Isenbraiic  Gas  Tfenfaerafcijre.  Pressure  Signal 
Cbrrected  Acxxxdixig  to  Section  ‘Signal  FVooesau^’  3.4. 


for  simplicity.  At  is  the  time  intarval  betMeen  tvo  data  points.  Elquation  3.36  can  be 
trairformed  into  the  L£plaoe  domain: 


n=3 


tn  l*« 


>?vith: 


An— 1 


(3.37) 


By  replacing  Tg  in  Equation  3.33  by  71(t)  fion  Equation  3.37  an  ejqxession  for  the 
heat  flux  in  the  Laplace  domain  is  found: 


?« =/^j 


.7^  —  2-Tn-\  -\-Tn-i 


“tn  I 


n  =  3 


At 


V5 


(338) 
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•  Cp-k^  'was  replaced  by  /?,  fix  anplidty.  Retransfixrnatian  into  the  tune  dcmain 
yields  the  following  expression  for  the  heat  flux: 


n=3 


•with:  tm-\  <t  (3.39) 


Q:  discretized: 


n  =  3 


—  4-1 


(a40) 


And  simplified: 


9.(u) - Vm-n+l  (a41) 

Vir  ■  At 


This  Equation  is  similar  to  Ekjuation  (18)  of  Johnson  et  al.  (1988).  The  difference 
is  that  in  Johnson’s  eppxjadi  77+1  is  piedicted  ftornTj  and  77_i  'whdle  in  the  model 
developed  here  77  is  predicted  fixm77_i  and  77-2  •  This  sli^  changs  mates  it  easier 
to  iBe  with  Matlab  a:  Adathernatica  and  gives  the  exact  same  results.  Rr  a  mc*e 
complete  discussion  of  the  different  discretization  schemes  for  Equation  3.33,  refer  to 
j^pendixF. 

Tbeating  the  data  shown  in  Rgure  3.44  according  to  Bquaticn  3.41  and  using 
f^9  ~  6.98j^  yields  the  trace  of  heat  flux  shown  in  Figure  3.45.  The  two  traces 
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Time  [  ps  ] 

Figure  3.45:  Shcxk  Ftesirg  EJvent  for  Gauge  #  1  fixim  XAioooled  Run 
q,  AooGKdiiig  to  Johnson  et  aL  (1988).  Heat  Flux  Signal  Corrected 
Acxxxdii^  to  Section  “Signal  FVooesfdn^’  3.4. 

do  not  cxarrpare  >\ell. 

Johnson  derives  a  second  component  of  unsteady  heat  flux  which  is  due  to  the 
change  of  thickness  cf  the  boundary  Is^er.  Even  thop^  this  second  carxponent  of 
unsteady  heat  flux  was  derived  for  a  shock  impinging  normally  to  the  surface,  Johnson 
^lied  the  rrethod  to  locatiois  on  the  blade  'where  the  shock  passes  tangentially 
rather  than  impinging  normally.  That  justifies  the  use  of  this  model  in  the  present 
situatiaa 

The  second  component  of  unsteady  heat  flux  due  to  boundary  layer  compres¬ 
sion  is  calculated  according  to  Equation  (16)  of  Johnson  et  al.  (1988). 
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*  =«■  I— j 


(3.42) 


Tte  underlying  id^a  is  that  the  thickness  of  tte  boundary  layer  scales  prcpcrticmally 
■with  the  change  of  desrsity.  Figure  3.46  shows  the  trace  of  q;„  for  the  ej^jeriment 
jresented  here.  ^  depends  on  the  mean  level  of  heat  flux  before  the  shock  impact 


Figure  a46:  Shcxk  FXoit  for  Gaugie  #  1  fixim  t&icooled  Run 

Aoecrding  to  Johnson  et  al.  (1988).  Ifcat  Flux  ISgnal  Cbrrected 
Acxxxtjing  to  Section  ‘^Signal  FVooessingf ’  3.4. 


q,  The  magnitudes  of  the  unsteacfy  ocarponent  of  qn  small  oonpared  to  the 
measured  unsteady  heat  flux  or  compared  to  the  heat  flux  due  to  the  temperature 
change^,.  The  reason  fix  this  Bes  in  the  feet  that  the  boonclaiyla^^rclDes  not  change 
significantly  because  the  density  does  not  vary  much. 


According  to  Johnson,  the  overall  unsteady  heat  flux  can  be  predicted  by 
the  sum  of  q  and  ^ .  In  Figure  3.47  this  predicted  heat  flux  and  the  measured 
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Figure  3.47:  Shcxlc  I^arig  EX^ert  fia*  Gfai:igp  #  1  fwMa  IlSiGodled  Run  :#3. 
QjriparisanBetvveenqt-l-^  aixi^.  Ifeat  Fliix Signal  Cbrrected  AccxaxJiii^ 
to  Secticn  ^‘Signal  FVooessin^’  3.4 

heat  flux  are  shown  on  the  same  axis  for  comparison.  Figure  3.47  shows  that  the 
ptedictian  aDoording  to  Johnson  does  not  represent  the  nneasured  data  well.  The 
predictian  aoocrding  to  Mess  et  al.  (1997)  presented  in  Section  3.5.3.1  shows  nmdi 
better  agreerrent.  It  nust  be  stated  that  the  agreement  was  not  ova:whelirdng  even 
in  the  orignal  publication  by  Johnson  et  al.  (1988).  Also,  the  data  ooirpared  in 
Johnson  et  al.  (1988)  was  filtered  at  30  kHz,  which  brings  with  it  a  considerable  loss 
of  information  and  makes  the  comparison  somewhat  difficult. 

Tte  results  of  Johnson’s  predictian  can  be  oonrpared  with  the  deoonnpcisition 
techniqre  devdeped  in  Section  3.5.2.  The  pressure  traces  for  each  gaugp  are  very 
mxh  ahke  for  all  run  oonditiems  with  the  same  shodk  strength.  That  means  that 
will  look  anilar  fex  all  runs  at  a  certain  shock  strength.  The  only  scaling  factor  will 
be  the  freestream  temperature.  Since  this  temperature  does  not  vary  significantly  on 
the  Kelvin  scale,  the  influence  will  be  minor.  In  other  words  q,  represents  the  fiaction 
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of  unsteady  heat  flux  not  related  to  the  initial  level  of  heat  flux,  or: 


PH  h-X 


(3.43) 


The  component  of  predicted  heat  fliox  that  does  scale  with  the  heat  flux  before  shock 
irnpact  is  q„ .  Therefore,  it  can  be  compared  to  hf  -(Tr-X)  fixjmthe  decomposition 
technique' 


Qn  PH  q-\-h  •  (X  ^  ) 


(3.44) 


Figure  3.46  shows  that  this  oorrponent  is  rdativdy  snail  compared  to  the  ovonll 
unsteady  heat  flux  and  compared  to  the  initial  level  of  heat  flux.  This  indicates  that 
H  is  relati-vdy  small  and  the  unsteacfy^  component  of  q^  can  be  ne^ected  In  this 
q^  is  the  ptediction  for  According  to  Equation  3.43  this  imsteady  heat  flux 

is  hnearly  related  to  a  variation  of  reooveytemperatijre  27.  Then  7^  would  have  to 
take  the  shcpe  of  q,  inRgure3.45.  It  is  iX3t  \ery  liMy  that  any  temperature -would 
vary  in  this  way  under  the  influence  of  a  shock  wave  as  seen  in  Figure  3.44.  Therefore, 
it  can  be  suggested  that  Johnson’s  Model  does  not  reflect  the  physical  event.  Moss’ 
mixlel,  on  the  otl^  hand,  does  describe  the  physics  of  the  shock  passing  "with  the 
assumption  (and  conclusion)  that  H  is  n^Ji&hle.  The  resulting  traces  of  X  seemed 
pfrysically  reasonable 

Figures  3.48  throng  3.50  present  aU  data  from  all  gauges  and  experiments 
treated  according  to  the  inethod  presented  in  this  SectioiL  The  ocnrpariscn  is  sunalar 
for  all  the  data  taken  and  the  same  conclusions  can  be  drawn. 
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Figure  3.48:  Shock  I^issirg  FX«ifc  finamRun#l\Vlth  Film  Cboling.  John¬ 
son’s  Aixl  Cbrrparisan  with  Dnta.  FVessure  and  lieat  Flux  Sgnals 

Cbrrected  Acxxrdirig  to  Section  ‘Signal  FVooessin^’  3.4. 
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3.5.3.3  Rigby’s  Mxlel 


In  1989  Rigby  et  al.  (1989)  published  a  modified  version  of  Johnson’s  Model. 
In  this  publication,  they  provide  a  mcxie  thorou^  derivation  of  the  equations.  The 
final  equations  are  slightly  different  from  the, ones  published  in  Johnson  et  al.  (1988). 
Tins  rrrxM  will  be  jxesented  here  and  oonpared  to  the  data.  The  derivation  given 
in  Rigby  et  al.  (1989)  will  be  presented  for  oorrpleteness. 

The  derivation  refers  to  the  situatian  depicted  in  Figure  3.51.  The  atuation 


Figure  3.51:  Change  in  Laminar  Sublayer  Temperature  Profile  from  %  to 
T  Oue  to  OcHuxessian  and  TfeatLog  Induced  by  Rnessure  Changie.  Fbom 
Rigsby  etaL  (1989). 

“Before”  depicts  an  undisturbed  flow  field  with  a  steady  state  boundary  layer.  The 
situation  “After”  shows  an  arbitrary  point  in  time  after  the  flow  field  has  been  dis- 
tijrbed  by  a  pressure  variation.  The  bouridary  layer  thickress  varies  with  the  pressure 
and  so  is  the  position  of  any  portion  of  fluid  with  respect  to  the  wall  {do  — *d  and 
y,  — *  y).  The  temperature  profile  is  changed  from  To  to  T(y,t).  The  derivation 
is  restricted  to  the  laminar  sub-layer  shown  in  this  Figure.  The  pressure  fluctua- 
tiors  depicted  in  Figure  3.51  act  sinmltaneously  throu^xiut  the  sub-layer.  A  linear 
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temperature  profile  is  assumed  prior  to  any  perturbations: 


To  (2/)  —  Xii  +  y 


(a45) 


The  wall  temperature  is  assumed  to  be  constant.  The  temperature  profile  after  a 
pressure  perturbatiori  p(1^  is  nosv  cteooirpcBBci  in  two  <x)ntxibiitiQnst 


T{y,t)  =^%{y,t)+T,{y,t)  (3.46) 


T^(y,t)  is  a  temperature  time  history  that  is  the  result  of  the  pressure  fluctuation 
only.  The  pressure  variation  acts  in  the  entire  flow  field  as  an  isentropic  compression. 


^  (2/>  ^  (2/)  ‘ 


(3.47) 


The  density  in  the  sublayer  changes  aoccxding  to: 


(3.48) 


Thaefcre,  the  gas  that  is  in  a  location  y  after  the  ocnpressicn  was  cognally  at  a 
position  2((,: 
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“  =*'•  (— j 


(a49) 


Replacing  3.-4©  in  3.45  and  subatitutiiig  the  result  in  3.47  yields  for  % : 


(aso) 


Therefore: 


ft 


=q. 


(3.51) 


Th{y,t)  is  the  part  of  the  terrperature  time  history  that  is  only  due  to  transient 
conduction  in  the  fluid.  It  is  only  significant  close  to  the  wall,  where  the  conduction 
beocnnesirrportarf  siixe  the  "wall  terrperature  stays  constaiit.  Outside  of  the  sublayer, 
7/1  (t/  >  d,  t)  =  0.  In  order  to  detemine  the  solution  for  this  part  of  the  terrperature 
profile,  Rigby  et  al.  (1989)  derive  a  differential  temperature  boundary  layer  equation 
from  the  unsteacfy^  Navier-StokES  viscous  energy  equation  for  the  situation  ducted 
in  3.51.  They  assume  to  be  constant  and  n^ect  viscous  ternB  to  arrive  at: 


dr  dr  ^  &T  dfi 


The  velocity  in  the  y-direction  v  is  derived  using  Equation  3.49: 


(3.52) 
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dt  7  p+p  dt 


(3.53) 


Substituting  v  and  reing  the  relations  for  a  thermally  and  calorically  perfect  gas  th^' 
arrive  at: 


^  =  + _ I _ 

dt  a  dt^  y-ip+P)  dt  dy 


(3.54) 


The  first  term  on  the  right  hand  side  of  Equation  3.54  is  of  the  order  of  y  ^  and 
outvucd^TS  the  seocsnd  term  •vdiich  is  cn  the  oder  of  iP  dose  to  the  •wall.  Then  the 
second  term  may  be  dropped  ■when  stating  the  difierential  equation  for  'll  (2/»  t)  cjnly 

(Ti(y,t)  and7h(2/,t)  si^Kriirposelmearilysoeadiafthemhastobeasdutiontothe 

differential  equation): 


dTH(y,t)  1  drH{y,t) 

d^  OL  dt 


(3.55) 


This  Equation  is  identical  to  the  oi^-dimensional  heat  oonductian  equation  (see  dis- 
ctBsicHi  in  /^pendix  F).  Tiransfomndng  3.55  into  the  Laplace  domain  yields: 


&Th{y,s) 


a 


(3.56) 


The  general  solution  to  3.56  is: 
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T/,  {y,s)  =A-  ev^'*'  +B‘  e  VT'*' 


(asT) 


The  first  boundary  condition  is  that  Th(y,t)  becomes  zero  £ar  away  from  the  wall. 
Therefore  A  in  Equation  a57  has  to  be  zero.  The  seccrd  boundary  oonditiQn  comes 
fixDm  Equation  3.46  at  the  wall: 


7X0,t)=2;(0,t)+3):(0,t) 

2;=2;.n(t)+i5;(o,t)  (ass) 

'Sphere: 


nw  =  (£^)"  (as9) 

Then: 


7j(0,t)=T, -(i-nct)) 


(aeo) 


or  in  the  Le^aoe  domain: 


rA(0,s)=T,  -(i-nct)) 


(3.61) 
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tfeing  this  boundaiy  condition  and  expressing  Equaticn  3.57  at  y  =  0  leads  to  an 
equation  for  B  (noting  that  A  =  0)  : 


Th (0, s)  =3;  •  (1  -  n(t))  =  B  (3.62) 


Isfovv  the  constants  in  Eijuaticai  3.57  are  known  and  so  is  the  scJution  for  T],  (j/,  s')'. 


Ti,fe,s)=i;-(i-n{t))-e-v5->  (a63) 


The  surface  heat  flux  caused  by  this  temperature  variation  can  be  expressed  as: 


dlh{y,s) 


Qy 


v=0 


(3.64) 


Or  in  the  Laplace  domain* 


dTk{y,s) 
dy  y  =  0 


(a65) 


Thking  the  derivative  of  T/,  (2/,  s)  at  2/ =  0  aixi  substituting  into  Equation  3.65  yields: 


5l,(s)=v^k^7^*7;  •(l-n(t))*  v5  (3.66) 
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With  the  following  redefinition 


5(s)  =  {i-n(t))-v^ 


(a67) 


Equaticn  3.66  can  be  restated: 


Qs  (5)  —  '  P  '  ^  ^  ■  5'(^) 


(3.68) 


The  heat  flux  at  the  wall  can  now  be  calculated  according  to: 


q+<i  ==0:  d-Qi  =q>  •  +\A-  P  •  c-  •  g(p)  (3.69) 

The  differences  between  this  Equation  and  Johnson’s  equation,  shown  in  the  last 
Section,  are  subtle.  The  first  term  on  the  right  hand  side  of  Equation  3.69,  qt,  is  very 
sinilar  to  the  exjxesaon  for  qin  ©'VQn  by  JcJmsorr 


Ri^. 

P 

Johnson; 

«"=«■(  p  j 

(3.70) 


Tbe  secondtermon  the  ri^it  hand  side  of  Equation  3.69,  qfc ,  dosely  reserrbles  fiom 
Johnson’s  analysis.  The  only  difference  here  is  that  while  Johnson  did  not  specify  the 
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base  tenperature  for  ths  calcdalion  of  3^,  Rigby’s  model  clearly  specifies  the  use  of 
thevvaUtenpeiatureforthecalculatioriQfT^.  Iii  the  analysis  aoxxdiiig  to  Johrison’s 
model  in  Section  3.5.3.2,  the  fieestream  static  tenperature  was  used  for  lack  of  a 
better  choice. 

The  nrxM  developed  by  Rigty  will  be  oorrpared  with  the  data  presented  in 
the  two  preceding  Sections  3.5. 3.1  and  3.5.3.2.  The  parameters  for  the  different 
ejperiments  and  the  ocnditions  before  shock  inpact  were  shown  in  Section  3.5.3.I. 
Tte  sane  disctetizatian  scheame  used  in  Section  a5.3.2  will  be  teed  to  calculate  the 
heat  flux  due  to  transient  conduction  g, : 


4  (C  )  =  4=4=  ■  izw  -  2  ■  z;-,  H-X-j)  •  Vm-  n+ 1  (a71) 

The  tenpeiatijre  Hstcxy  li"  is  calculated  ftonr 


(a72) 


The  index  i  refers  to  gpuge  1  or  2.  The  cxonpariscn  between  the  predicticn  and  the 
neasured  data  is  sinilar  for  Johnscn’s  and  Ritzy’s  model.  The  shspe  and  the  mag- 
intucie  of  the  measured  data  is  mt  predicted  nearly  as  wdl  as  with  Moss’  assumption 
of  a  constant  heat  transfer  coefficient. 
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Figure  3.52:  Shock  F^assirig  Event  fiximRun  “With  Film Cbolin&  Rig¬ 
by’s  IVSxiel  And  Cbxriparison  "with  OatcL  Plressure  and  Efeat  Flux  ISgnals 
Cbarected  Aocxrding  to  Section  ‘Signal  Rxwessin^’  3.4. 
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Figure  3.53:  Shock  Passing  Pvenfc  fixmciRun  'NMth  Film  Oooling.  Rig¬ 
by’s  Model  And  Cbrrparison  -with  Oata.  I^essure  and  R^at  Flux  Sgnals 
Cbrrected  Aooording  to  Section  “Signal  FVooessingf  ’  3.4. 
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Figure  3.54:  Shock  Ftesing  Event  finom  Run  Wthout  Film  Cboliug. 
'Rigjny*fi  IVEodel  And  Oorrparison  "with  Oata.  Rressure  cmd  'Heat  Flux  Sig¬ 
nals  Cbrrected  Aooording  to  Section  “Signal  Rnocessiu^’  3.4. 
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[O5]  1 


3.5.4  Comparison  with  Reid’s  Numerical  Model 


In  his  Ph.D.  thesis,  Rdd  (1998)  developed  a  numerical  modd  for  the  unsteacfy 
heat  transfer  in  the  turbine  cascade  used  in  this  investigation.  He  simplified  the  sit¬ 
uation  to  the  vey  same  abstract  mxM  that  Johnson  et  al.  (1968)  used  to  deri\e 
his  equations  described  in  Section  3.5.3.2  (see  Figure  3.55).  While  Johnson  simplifies 


t 


Johnson's  Simplified  Depiction  Reid's  Computational  Domain 

of  Shock  Impingement  Process  and  Simplified  Depiction  of  Shock 

(from  Johnson  et  al)  Impingement  Process 

(from  Reid) 


Figure  3.55:  Reid’s  and  Johnson’s  Simplified  Depictions  of  the  Shock  Im- 
pingemesit  Rxness. 


the  first  order  perturbation  equations  down  to  the  one-dimensional  heat  conduction 
equation  to  obtain  equations  for  the  unsteady  heat  flux,  Reid  solves  the  problem  nu- 
nsically  using  the  quasi-2D  Navier-Stokes  equaticoi.  And,  -while  Johnson  extends  the 
model  from  a  normal  shock  wave  impinging  normally  to  the  surface  to  any  fluctuat¬ 
ing  terrperature  history  due  to  shocks,  -wakES  and  expansion  -waves,  Reid  numerically 
sdnulates  orfy  the  case  of  the  ixxmal  shock  inpingng  ncmnaUy  on  the  surface. 

Field’s  numerical  sirmlation  yidded  results  -virtually  identical  to  the  solution 
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of  Johnson’s  simplified  equations  for  the  case  of  the  normally  impacting  normal  shock 
wave.  In  this  way,  Reid  delivers  proof  that  Johnson’s  simplifications  in  the  simplified 
situation  are  valid  Reid’s  results  for  ncrmal  shock  irrpangpnEnt  with  a  preesdstmg 
thermal  boundary  layer  can  be  summarized  as  foUowB: 


(TT  -  2;  +  AT)  • 

\A  •  t 


(a73) 


Or  simplified  for  better  comparison  with  Johnson’s  results: 


AX'  is  the  step  in  temperature  induced  by  the  normal  shock  and  its  reflection, 
in  this  is  tte  unsteacfy  pressure  seen  on  the  surface  and  includes  the  pressure 
rise  due  to  the  impinging  normal  shock  and  its  reflection.  The  equation  for  -\-qn 
developed  by  Johnson  spplied  to  this  special  case  yields: 


A -AX 
a/tt  •  t 


+q- 


(3.75) 


The  first  term  on  the  right  hand  side  of  Equations  3.74  and  3.75  is  the  solution 
of  the  one-dimensianal  heat  conduction  equation  with  a  step  n^sut  of  tenperature. 
The  second  term  in  both  Equations  represents  the  increase  of  heat  flux  due  to  the 
thinning  of  the  boundary  layer.  This  term  will  only  contribute  significantly  to  the 
overall  unsteacfy"  heat  transfer  a  Icpg  time  after  the  shock  irrpact.  Ra:  short  times 
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after  shock  impact,  the  heat  flux  expressed  by  the  first  terms  is  significantly  higher. 
Reid’s  result  oontains  an  additional  team  on  the  n^it  hand  ade,  whicii  ocsitains  the 
heat  trarefer  di:E  to  both  boundary  layer  thinning  and  the  increase  cf  tenperature 
due  to  the  shock  Jcimscm’s  Modd  dcDes  not  indixie  this  cxmponerit  of  heat  transfer. 
Like  the  effect  of  the  boundary  layer  thinning,  this  component  of  heat  transfer  will 
only  be  significant  a  long  time  after  shock  impact.  It  is  also  specific  to  the  solution  of 
the  froblemof  arorrel  diock\\ave  irrpacting  nocrnally  on  the  surfeoe.  Snoe  Johnson 
(id  iX3t  interxi  to  iirxkl  this  particular  problem  but  to  estabUsh  a  predictian  model 

fcr  a  geriaral  pressure  arxi  tirne  history,  his  iir)clel  cloes  net  indude  this  cxxiporierit  cf 

heat  flux. 

Despite  this  sUght  difference,  the  degree  of  agreement  between  the  numerical 
and  analytical  model  applied  to  this  simplified  situation  is  surprisingly  high.  In  both 
models,  the  heat  flux  for  short  times  after  the  shock  impact  is  dominated  by  the 
soluticsn  to  the  one-cSrnerisicaial  heat  conduction  eejuation.  Ody  long  times  after  the 
shock  impact  do  slight  differences  between  the  models  show.  Both  models  agree  that 
most  of  the  energy  transfer  is  by  one-dimensional  conduction  in  the  fluid  which  is 
rdadvdy  slow  in  air.  The  presence  of  the  boundary  layer  does  not  change  the  heat 
transfer  significantly.  This  is  in  contradiction  with  the  results  from  this  investigation. 
It  was  shown  in  Sections  3.5.2  and  3.5.3. 1  that  the  heat  transfer  coefficient  is  not 
affected  severely  by  the  passing  shock.  The  boundary  layer  reestablishes  its  original 
TVTiwtiiTiPTynnnal  shape  mxh  faster  than  predicted  with  the  one-dimensional  cenduo- 
tion  mcdel.  It  was  al.qo  dxjwn  that  Johnson’s  model  does  net  predict  the  unsteaefe^ 
heat  transfer  well  (see  Secticai  3.5.3.2). 

One  resBcn  why  Johnson’s  and  Reid’s  models  mitually  agree  but  tfisagree 
withexperirrental  data  nnd^  be  the  feet  that  the  reaction  cf  the  boundary  layer  to  a 
sudden  (iiaiige  in  tennperature  iixiudes  riot  only  conducticn  but  also  energy  transpert 
by  convection  in  the  bourdary  layer.  It  seems  that  the  boundary  layer  reestablishes  its 
cxi^nal  rxrrHdirnensional  shape  mreh  quidsr  than  fxedicted  ty  the  oondurtion-cnly 
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niDdds.  That  is  probably  -why  the  assurrpticn  cf  the  time  invariant  heat  transfer 
coefficient  (Moss’  model)  yields  so  much  better  agreement  with  experimental  data 
than  Jdhnscsn’s  oonductian  model. 

Wnle  Johreon’s  ocsrductian  model  ard  Reid’s  numerical  model  predict  that  the 
boundary  leyer  will  reestablish  its  crignal  ro>dimeaiaorial  shape  (and  therefore 

heat  transfer  coefficient)  once  met  with  a  sudden  temperature  change,  Moss’  model 
iirplies  that  the  bourdary  layer  never  even  changes  its  ori@nal  shape,  and  the  heat 
transfer  coefficient  stays  constant.  The  experimental  data  suggests  that  Moss’  model 
describes  tte  boundary  kyer  behavicr  fer  better  than  Johnson’s  ard  Reid’s  model. 
S5noe  Rgb/s  raxiel  is  ahmst  identical  to  Johnson’s  model,  it  will  not  be  corrpared 
to  the  numerical  results  separately. 
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Chapter  4 


Conclusions  from  the  Investigation 
of  Unsteady  Heat  Flux 

4.1  Summary 

In  Section  3.5.2  the  urBteady  heat  transfer  due  to  shock  passing  was  investi¬ 
gated  by  use  cf  the  cieocarpositicai  tedmicjue.  Ety  splitting  all  pihysical  parameters 
into  their  time  mean  ocjmponeant  before  shock  impact  and  thear  unsteacfy  ocaaponent 
during  shock  impact,  a  detailed  analysis  of  the  different  contributions  of  different 
parameters  was  pcBsihle.  The  general  conclusion  was  that  neither  the  heat  transfer 
coefficient  nor  the  film  effectiveness  vary  enough  to  significantly  enhance  or  reduce 
ureteaciy  heat  transfer  due  to  shock  impingement.  The  majcar  part  of  the  unsteacfy 
heat  tramfer  could  be  attributed  to  the  iroease  in  temperature  induced  by  the  pass¬ 
ing  shock  wave.  Considering  the  fact  that  in  an  en^ne  the  temperature  is  actually 
varying  around  a  mean  value,  it  was  precficted  that  the  time  averagp  heat  transfer 
with  and  without  passing  shocks  would  have  to  be  samilar. 
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This  p:ediction  is  exacdy  tte  resdt  cf  the  experirnmtal  ^\crk  done  by 

al.  (1997).  Prom  these  experiments  it  was  concluded  that  the  heat  transfer  coefficient 
is  not  affected  strongly  by  pressure  variations  due  to  unsteady  phenomena  but  that  the 

heat  trarisfer  was  driven  rnairiy  by  an  isentrxijpicoorrpressiQncf  the  freestream  air.  By 

applying  this  assurrptian  to  the  data,  relatively  gpod  agreement  between  this  model 
and  tte  nKasureriEnts  could  be  obtained  This  mplies  that  the  narvdiinerisdanal 
diapecftheboimdarylayerisb0sicaUy<xinstai±duringthediDdciiipact.  Thelargest 

discrepancy  between  this  model  and  the  data  is  in  the  initial  rise  of  heat  flux.  While 
Mds’  MxM  is  undeiptedicting  the  measured  data  in  this  time  windovv,  a  nxdel 
developed  by  JohrBon  et  al.  (1988)  and  Ri^  et  al.  (1989)  stron^y  overpredicts 
the  initial  rise.  That  could  imply  that  the  heat  transfer  coefficient  is  reacting  to 
soHE  extent  short  tiiiES  after  the  shock  inpact.  It  has  been  mentioned  that  the 
physical  gauge  size  influences  the  gauge  frequency  response.  The  shock  rise  times 
would  probably  be  shorter  and  the  peak  levels  of  unsteady  heat  flux  higher  with  a 
hypothetical  point  sensor.  This  would  make  the  initial  rise  of  the  unsteady  heat  flux 
rh-ip  to  shock  passing  mrae  sinilar  to  the  prediction  aocxjrding  to  Ri^iy  et  al.  (1989) 
and  JbhiEon  dt,  al.  (1988).  Still,  it  can  ix>t  be  denied  that  the  model  by  Mobs  et  al. 
(1995)  is  cdoeer  to  the  data  than  the  nxxisl  by  Johnson  etal.  (1988)  and  Rigby  et  al. 
(1989). 

The  GweraU  cxxxdusicDn  to  be  clravm  fixjm  the  e>q3eriinental  observations  arid  the 
cxarpariscm  vtith  existing  nroclds  is  the  foflcivving:  The  variation  cf  the  heat  trarsfer 
coefficient  was  shown  to  be  of  secondary  significance  in  the  unsteady  heat  transfer 
due  to  shock  passing.  This  holds  true  for  a  film  cooled  blade  and  a  blade  without  film 
cooling.  Also,  the  film  effectiveness  could  be  proven  to  vary  only  insignificantly.  The 
ureteaciy  heat  traiEfer  is  mainty-  due  to  a  changje  in  gas  temperature  induced  by  the 
passing  shxk  wave  Snoe  the  gas  tenperature  seen  by  the  rotor  blade  in  an  actual 
en^iE  varies  arourxi  its  mean,  the  time  averagpd  heat  transfer  with  the  presence 

of  shocks  will  not  differ  significantly  from  the  time  averaged  heat  flux  without  this 

/ 

flowfield  disturbance. 
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4.2  Application  to  Turbine  Design 


Extrapolating  fixjm  the  abo\«  cxDndusion,  reocaimTendaticns  fiia*  future  turbine 
design  applicadons  are  as  follows: 

1.  Tbe  devdcpnent  of  irrptoved  codes  for  the  detemndnation  of  steacfy  state  heat 
transfer  data  on  blades  with  and  without  film  cooling  should  be  encouraged. 
ArYvyrHng  to  the  oondusions  fixan  Section  4.1,  an  accurate  steacfy  state  pre¬ 
diction  will  provide  a  good  estinnate  for  the  heat  transfer  in  the  presence  of 
unsteacfy’ lihenamena 

2.  Convection  has  more  influence  on  the  imsteady  behavior  of  the  turbine  blade 
him  Tndary  layer  than  assumed  ty  conduction/unsteadv  oampressjon  models.  It  is 
not  sufficient  to  reduce  the  problem  of  unsteady  heat  flux  to  a  purely  conductive 
phenooTEncrL 

4.3  Outlook 


Since  the  present  investigation  focused  on  the  first  part  of  the  suction  side  of 
the  blade,  it  is  ixst  certain  that  the  corxdusionsvwU  hold  fcrotharr^caas  on  the  blade 
even  thou^  the  investigation  ly  Mdss  et  al.  (1997)  indicates  that  an  extrapolaticn 
to  the  entire  blade  surface  is  pxBsible. 

The  freestream  turbulence  level  is  known  to  influence  the  boundary  layer  on 
the  blade.  In  the  present  stixfy  the  tijrbder»ce  level  was  very  low- conpared  to  engne 
conditions  (about  1%).  The  effect  of  higher  turbulence  levels  on  the  conclusions 
from  this  inrestigation  will  be  interesting.  The  research  done  by  et  al.  (199^ 
was  done  at  sinilar  low  turbulence  levels,  so  an  extrapolation  to  hi^ier  values  of 
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turbulenoe  cannot  be  done  ijsing  their  results. 


Since  tte  n^dn  nrxiB  erf  iiTberaction  between  vcistead>^  phencrnena  and  the  heat 

transfer  coefficient  seems  to  be  the  effect  on  the  transitional  behavior  of  the  boundary 
layer  on  the  suction  side,  it  woxild  be  important  to  investigate  the  effect  of  a  passing 
shock -wave  on  the  heat  trarefer  on  tte  later  part  of  aturl±ie  blade  with  transitional 
feature  The  investigated  here  did  not  show  any  transitianal  behavior.  The 

K->i  Tnriflry  is  lanrinar  all  the  way  ciown  to  the  passage  shock  vdaere  it  innnediately 

transitions  to  turbulent  flow  (shown  in  schlieren  pictures  presented  in  Bubb  (1999)). 

Tb  sumnaiize,  leccrnrrendatiGns  for  further  researdi  are  as  follows: 


1.  Mxe  locatiorB  C3n  the  Hade  should  be  investigated,  especially  on  the  down¬ 
stream  suction  side. 

2.  The  experiments  should  be  rqDeated  at  higher  turbulent  intenaties  more  repre¬ 
sentative  of  engine  ocsncfiticjns. 

3.  Shrnlar  experiments  should  be  done  on  a  blade  "with  a  transitianal  suction  side 
boundary  lacyer. 

4.  It  can  be  expected  that  a  much  higher  pressure  ratios  there  will  be  an  effect 
of  the  shock  on  heat  transfer  coefficient  and  film  effectiveness.  Increasing  the 
shock  strength  may,  therefore,  lead  to  different  conclusions. 

5.  When  mociding  the  passing  diock  wseve  with  a  shock  tube  seti:p  or  a  rotating 
bar  nKchanism,  the  shock  strength  and  speed  are  linked  It  may  wdl  be  that 
a  shock  of  certain  strength  will  have  different  effects  when  interacting  with  the 
surface  at  a  different  speed  (see  steady  shock  boundary  layer  interaction).  An 
entirely  different  setup  would  have  to  be  devised  to  make  such  an  investigation 
possible. 
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Appendix  A 


Shock  Progression  Details 


Shown  l^re  are  dgjit  sihadowgra43h  images  of  the  shock  passing  process.  The 
pictures  are  ocrrpQsed  of  two  sets  of  four  pictures  taken  -with  the  hi^  speed 
cariEra.  The  tiirdng  dxjwn  in  the  csptions  trust  be  considered  with  care.  They  are 
fixfftithe  camera  settings  but  do  not  seem  to  aocuratdy  repesent  the  time 
histay  of  the  event.  As  pxinted  out  in  Section  3.5.1  the  inta^ction  of  the  shock  and 
the  coohng  film  layer  is  not  clearly  visible.  No  film  detachment  or  significant  thinning 
or  thickening  is  observed. 


158 


Figure  A.1:  Shock  Ftogresaon:  Still  #  1,  timew  450;is. 
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Figure  A-2:  Shock  FVogressicHi:  Still  ^  2,  tiirE«  520//S. 


Plgure  A.3:  Shock  Rnpgression:  Still  #  3,  tiine«  525/is. 


Figure  A.4:  Shock  Rxigression:  Still  7^  4,  timew  562/is. 
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Figure  A,5:  Shock  RnQg^Tessicm:  Still  #  5,  tirrEw  585/is. 


Figure  A.6:  Shock  Rxigression:  Still  4^  6,  •timefs  60Q^s. 
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Figure  A.7:  Shock  I^xigression:  Still  #  7,  tiirE«  €S2p,s. 


Figure  A.8:  Shock  FVcg^^essian:  Still  ^  8,  time«  6^fis. 
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Appendix  B 


Investigation  of  the  Transfer 
Function  of  Different  Kulite 
Pressure  Transducers 


B.l  Problem  Statement  and  Approach 


Li  Experimen*'^!  High  ^jeed  Aerocfynanics  one  is  often  feoed.  with  the  task  of 
obtainirg  a  good  repiesentationcf  arriving  slxxic  waxes  in  ternns  of  pressure,  terrper- 
ature,  velocity,  etc.  Snoe shockwaves  are  rgxesented nnathenrrfically  ty cisooiiti^ 
ities,  their  frequency  content  is  theoretically  infinitely  wide.  The  problem  is  then  to 
dedcie  on  tiaiBducrrs  that  are  ce^riHe  of  tracing  ‘^adequatei^’  hi^  fiequencies.  This 
investi^ition  is  aimed  at  helping  with  this  decisicai.  The  (dynamic  behavica:  of  tvwo 
KzditetraiEciDcecs  XCQ-062-50aismvEStig^ted.  The  sensing  surface  of  <3ne  of  them 
is  exposed  to  the  flow  while  the  second  sensor  is  protected  by  a  “B-Screen”  supplied 
by  KvLite,  Both  of  them  are  exposed  to  a  “known”  input  of  pressure  in  a  modified 
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shock  tvibe  in  order  to  detemine  their  transfer  funcdons. 


B.2  Experimental  Setup 


Modified  Shock  Tube 

Figure  R1  dxjws  the  dx>ck  tube  cieaga  A  3/4  mch  test  pipe  is  ccnriected  to 
the  end  of  the  cMven  section  of  a  3  inch  dxdc  tuba  The  shock  is  triggered  ty  the 

burst  of  a  plastic  di£pihragnibetv«en  driven  section  and  driver  section.  Astheshock 
reaches  the  erxi  of  the  dri-ven  section,  it  propagates  into  the  test  tube,  growing  in 
strength  in  tte  transition.  Two  KvLite  XCQ-062-50a  transducers  are  flush  mounted 
to  the  wall  in  the  niddle  of  the  test  pipe  While  the  senang  surfeoe  cf  erne  of  them 
is  exposed  to  the  passing  shock,  the  second  transducer  is  protected  ly  a  “B-Screea” 
Tty  shnrk  will  be  assumed  to  be  an  ideal  step  of  pressure  in  this  investigation 


Measurement  Chain 


Transducer  Excitation  and  Amplification 


In  csrder  to  excite  the  Kulibe  sensers  aixi  to  amplify  the  signals  two  Msasusre.- 
ments  Group  2310  Strain  Gauge  Conditioner  and  Signal  Amplifiers  were  used  The 
transfer  fimction  of  these  amplifiers  was  determined  by  simple  sine  sweeps  for  dif¬ 
ferent  gain  settings.  It  became  clear  that  significant  roll-offs  in  the  frequency  range 
of  interest  had  to  be  taken  into  account.  Even  at  a  nominal  gpin  of  1,  the  signal  is 
dininished  ard  phase  shifted  in  the  frequency  range  below  1  MHz  as  can  be  seen  in 
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Figure  B.1:  Shock  Thbe  with  KvLite  Pressure  Senscxs. 
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Figure  SL2:  'Dansfer  flmcfcion  of  the  Measfijarements  Cffxyup  2310  Strain 
Gauge  Conditioner  and  Signal  Amplifier  at  a  gain  of  1. 

Figure  B.2.  The  measured  transfer  function  was  modeled  as  a  filter  with  one  zero  and 
4  poles  teing  a  MziZah  routine.  The  experiinental  arxi  nrdded  transfer  functions  are 
dxjwn  on  the  same  axes  in  Rgure  B.2. 


Anti-Aliassing  Filter 


In  this  investigation  it  -vvas  tfesirable  to  obtain  data  over  the  widest  possible 
range  of  frequencies.  The  limiting  factor  was  the  cut-off  frequency  of  the  filters 
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Figure  S.3:  'Hensfer  Flmcfcion  of  the  Ithcuxt  low-pass  filter  at  a  cut-off 
frequency  of  1  !ME^ 

availaHe.  Two  Ithaco  4302  filters  were  used  at  a  cut-off  frequency  of  1  MHz.  They 
show  a  Butterworth  characteristic  with  a  24  dB/octave  roll-off  as  shown  in  Figure 
B.3.  The  filter  was  modeled  assuming  4  zeroes  and  4  poles.  The  measured  and 
modeled  filter  characteristics  are  shown  on  the  same  axes  in  Figure  B.3.  Combining 
the  two  transfer  functions  of  the  amplifier  and  the  filter,  one  obtains  the  measured  and 
modded  transfer  function  of  the  measurement  chain  withDut  the  actual  transducer, 
dwwn  in  Figure  R4 
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Figure  Bl4:  rVirvi^inpH  'Ibansfer  Flmctioia  of  ^^asuremertts  Oroup  2310 
Strain  Gauge  Conditioner  and  Signal  Amplifier  at  a  gain  of  1  and  the 
Ithaao  4302  low-pass  filter  at  a  cut-off  frequency  of  1  MHz. 


Data  Acxjudatian 


The  data  ftom  the  two  transducers  was  acquired  using  a  LeOnoy  6810  Waue- 
forni  Anciyzer  at  a  saripiling  fiequency  cf  2  Mtiz.  The  system  is  oontrclled  by’^  ^  PC 
using  the  software  cxztalyst  via  a  GPIB  interfaoa 


B.3  Results  and  Discussion 

The  chosen  method  to  obtain  the  transfer  functicDns  will  be  presented  usdiig 
oniy  one  experiment  as  an  exairple  The  raw  data  will  be  psepared  for  treatment  in 
the  frequency  domain.  Then  it  will  be  corrected  for  the  influence  of  the  measurement 
chain.  The  transfer  functions  of  both  transducers  will  finally  be  determined  in  the 
heguency  dcirnam. 

Preparation  of  Data  in  the  Time  Domain 

A  typical  result  fixsm  a  dxxic  passing  is  shown  in  Figure  H5.  Three  cfcservar 

tions: 


•  The  “real”  fotdng  firriction  is  rot  an  ideal  step  irput.  There  are  pressure 
fluctuations  present  after  the  initial  shock  impact 

•  Thae  is  more  data  than  needed  fcr  the  cfeterminaticjn  of  the  transfer  function. 

•  The  signal  is  not  periodic. 

Therefore,  the  signal  will  be  conditioned  in  the  following  manner 
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•  Tl>=>  "will  l-y>tTiTncatfyi\oyshardy  after  the  initial  shock  iropact  to  reduce 
the  effect  of  the  shock  not  being  an  ideal  step  input. 

•  A  very  dow  dowrrdope  vwll  be  rAdded  at  the  eaid  of  the  time  wdow  drsen 
for  data  analy^.  The  gpal  is  to  make  the  data  periodic  withoxit  changing  the 
ciynandc  characteristics  of  the  system.. 

•  An  irlpal  step  ii^3ut  is  created  This  ideal  forcing  function  will  be  assumed  to 
be  the  real  ii^jut  for  the  purpose  of  the  analysis. 

•  The  initial  value  vwU  be  set  to  zero  to  make  the  numerical  analysis  sanpler 

The  result  oftheseinardpulations  is  shown  in  Figure  R6.  The  i^per  graph  in  Figure 
R6  shows  the  entire  trace  The  lower  gjrsph  shows  the  time  window  around  the 
actual  dxdk  impact.  As  the  last  step  in  the  signal  preparatian,  the  time  histories  are 
corrected  for  the  influence  of  the  amplifier  and  filter.  The  combined  transfer  function 
of  thffie  ir^trunents  was  described  in  Section  R2  and  dicjwn  in  Rgure  R4  The 
signals  are  corrected  aooording  to: 


SjeJ) 

Hiuj) 


(Rl) 


\\here  S  is  tte  measured  sigpal,  St  is  the  ocrrected  signal  and  H  is  the  coartined 
transfer  function  of  the  amphfier  and  filter  up  to  1  MHz.  Capital  letters  refer  to 
the  Fburier  Tlransforms  of  the  signal.  The  result  of  this  operation  is  shown  in  the 
time  ckrmain  in  Figure  R7.  The  vpper  greph  in  Figure  R7  drows  the  orignal  and 
corrected  signal  from  the  unscreened  sensor  while  the  lower  graph  shows  the  effect 
of  the  correction  on  the  senscr  vtith  the  R-Screen.  The  data  resulting  fixDm  the 
manipulatians  described  in  this  Section  'will  be  used  for  the  determination  of  the 
transfer  functions. 


171 


240  260  280  300  320  340 

Time  [  ^JS  ] 

Figure  B.6:  'll'aoes  after  ^Drxincaticsn,  iPaddipg  of  IDOwnslGpe,  Zeroipg  of 
ibiitial  \^ue.  Also  Shown  is  the  ^‘Ideal”  Sfcqp  Input.  U^Dper  a): 

Fhtire  Ttaoes.  Lot^er  b):  Time  'Window  Around  Shock  FvenL 
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Figure  B.7:  Data  Corrected  for  the  Influence  of  the  Amplifier  and  the 
Filter.  TJ|3pa*  Gk^E^aha):  IJfciscreeaied  Sensor:  RawSgnal,  Corrected  Signal 
amd  Trfeal  Step.  Lower  b):  Sensor  with  B-Screen;  Raw  SSgnal, 

Oorrected  Sig^nal  and  Ideal  Step. 
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Figure  B^8:  Bode  Plot  of  Fburier  H^ansfcntB  of  the  Ideal  Step  Ii^xit,  the 
XAiscreened  Sensor  and  the  Sensor  with  the  B-Scxeen- 


B.3.1  Determination  of  Transfer  Functions 


The  signals  p:epared  in  the  manner  described  in  Section  R3  are  now  trans- 
fcxmed  into  the  firequerxy  domain.  The  results  are  shown  in  Rgure  B.8  It  seems  dear 
fixan  Figure  R8  that  the  rose  levd  of  the  signals  lies  bdowthe  lOP  line  in  the  ipper 
graph  in  Figure  R8.  The  annplitude  of  the  FFT  of  the  senscr  with  R-Screen  drops 
lEpidly  to  this  level  and  does  rot  change  for  higjier  ftequendes.  The  irput  levd  of 
the  irlpal  step  read^  tie  rose  levd  at  fiequendes  higher  than  about  600  klfe.  This 
implies  that  it  is  not  possible  to  extract  the  transfer  functions  beyond  that  fi:ec[uency 
since  the  signal  to  roise  ratio  becomes  too  small.  The  amplitude  of  the  DFT  of  the 
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screened  Kvlite  sensor  shows  a  very  strong  roll-off  reaching  the  noise  level  around  100 
kHz.  B^nd  this  pcdnt  the  arrplitixfe  seems  to  stay  in  the  noise  levtl.  Thaefcre, 
the  traiKfer  function  of  the  screened  sensor  will  only  be  detemined  to  KX)  kffe. 

The  unscreened  sensor  shows  two  significant  dips  in  the  amplitude  below  500 
kffe.  The  reason  for  this  lies  in  the  fact  that  the  sensor  cannot  be  mDunted  perfectly 
flush  to  the  wall.  A  small  cavity  of  about  6/1000  in.  remains  in  front  of  the  sensing 
gnrferp  due  to  the  geometry  of  the  sensor  provided  by  Kvlite.  Se\^ral  tests  viere 
perfoniEd  with  tte  sensor  rnounted  recessed  fixrn  the  wsll.  The  fi^jijency  rangp  and 
the  magnitude  of  the  dip  correspond  to  different  depths  of  the  recess.  The  transfer 
function  of  the  urficreened  serecr-  shows  a  strong  peak  at  about  500  kHz.  Kvlite 
reports  the  natiral  firequerry  of  the  sensing  element  at  this  fiTequency. 

The  trarBfer  furrtions  of  the  two  sensors  can  now’  be  calculated  according  to: 


H{uS)  = 


5«M 


(R2) 


Trt  this  Ejquation  H  is  the  transfer  function  of  either  one  of  the  Kvlite  transducers. 
Si„t  is  the  senscr  signal  and  is  the  ideal  stqs  irput. 

Thetransfer  functions  will  be  rnodeled  as  a  seccnd-ordersystern,  in  the  hope  to 
capture  the  physical  behaviour  better  than  with  a  purely  numerical  fit.  The  results 
are  plotted  in  Figures  R9  and  RIO.  Alor)g  with  the  data  presented  in  this  peper 
and  tte  second  order  apprcDdmation,  another  original  transfer  fimction  from  another 
e>permEr±  is  added  to  cfenxristrate  the  df^ree  of  repeataWhty  in  these  experimerits. 


The  trarsfer  function  of  the  unscreened  Kvlite  can  only  be  modeled  poorfy  by 
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Figure  B.9:  Bode  F^ot  of  U^ansfer  Fbncticni  of  TLinsoieened  Sensor. 
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Phase  [  rad  ] 


Figure  B.10:  TVirfe  Flat  of  Ti^nsfer  Fimction  of  Sensor  with  B-ScaTeeax 


the  second  order  system  for  twD  reascns: 


•  The  effect  of  the  cavity  seriously  degenerates  the  transfer  function  in  the  fre- 
qi^rry  ran^  bdcwthe  natural  frequency 

•  The  signal  to  rrsise  ratio  decreases  stron^y  in  the  frequency  range  beyond  the 
natural  frequency 

The  trarefer  furetian  of  tie  Senscr  vwth  the  B-Soeen  can  be  nrideled  -with 
\eiy  gpod  agteennent  ip  to  about  60  klfe.  Beyond  this  fr:equency  the  signal  seems  to 
consist  primarily  of  noise. 

The  influence  of  the  B-Screen  on  the  signal  phase  is  unexpectedly  strong,  es¬ 
pecially  at  ratha:  lowfr:equerxies.  When  modeling  the  sensor  vwth  the  B-screen  as  a 
second  order  system  and  appraxirriating  the  experunental  data  153  to  about  GO  kHz 
shown  in  Figure  B.IO,  one  obtains  the  coefficients  of  the  transfer  function  expressed 
in  the  fr:equerxy  domairi; 


Hijuj)  = 


_ ^ _ 

Ai  •  (jujf  -hAt  • 


(B3) 


The  coefficients  Bi  and  A  throu^  A  obtained  frxmthe  tvwD  ejqjeriments  are  listed 
inThble  HI. 


Table  B.l:  CoeflScients  A  and  Describang  the  Transfer  Rmction  of  the 
KuLite  Pressure  Thmsducer-  XCQ-062-5Cki  -with  B-screen 


Tfest 

A 

IKISH 

1 

2.2097 

1.0000 

2.4773 

2.1879 

2 

2.1739 

1.0000 

2.3290 

2.1690 
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B.4  Conclusions 


Two  KiMe  pressure  sei^xs  XOQ-062r50a  were  investigated  Their  dj-nanic 
behavior  was  deternined  in  terns  of  their  transfer  functions.  The  transfer  functions 
were  approximated  using  a  second-order  model.  The  influence  of  the  B-Screen  on  the 
fiequsrry  respoTBe  of  the  KvLite.  sensors  is  vexy  strong  even  at  rather  lowfiequendes. 

It  is  reoornmended  rot  to  use  the  screened  KxiiiJbe.  sensors  above  a  fiequency  of 
eOtoSOklfe.  Also,  th^ should  rot  be  lEed  in  hi^  speed  nrEasurenrents  without  an 
gppropriate  correction,  eg.  the  second  order  rnodel  proposed  in  this  rqxst. 
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Appendix  C 


Investigation  of  the  Transfer 
Function  of  a  Vatell  HFM-7/L 
Heat  Flux  Sensor 


C.l  Problem  Statement  and  Approach 


The  transfer  function  of  a  Vateil  Heat  Flux  NEcrosensor  HFM-7/L  is  to  be 
determined.  The  gauge  is  exposed  to  a  “known”  input  of  heat  flux  in  a  shock  tube. 
The  gauge  is  modeled  as  a  first  order  system.  The  theoretical  response  of  a  first  order 
system  and  the  actual  gauge  response  are  compared  to  And  the  time  constant. 
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Driven  Section 


Figure  Gl:  Shock  Tbbe  \n4th  VatdX  Heat  Flux  SerBor. 

C.2  Experimental  Setup 

Modified  Shock  Tube 

Rgure  Cl  dxMS  the  diock  tube  deagn.  A  3/4  inch  test  pipe  is  connected  to 
the  end  of  the  driven  sectian  of  a  3  iixh  shock  tube.  The  shock  is  triggered  ly  the 
burst  of  a  plastic  die^ihragm  between  driven  section  and  driver  section.  As  the  diock 
reaches  the  end  of  the  driven  section,  it  propagates  into  the  test  t\±)e,  growing  in 
strength  in  the  trarBitian.  The  dxxlc  then  reaches  the  endcEp  of  the  test  tube  and  is 
reflected.  Flush  mounted  in  the  end  cap  is  a  Votdl  HFM  "7  Ifeat  Flux  Sensor  (serial 
#588). 
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Measurement  Chain 


Vatell  Amplifier 


The  Analog  Devices  Operational  Amplifiers  used  to  amplify  the  signal  voltage 
from  the  heat  flux  sensOr  are  specified  to  have  a  -3dB  gain  at  1  MHz  for  a  gain 
setting  of  unity.  Rx  the  preliiiinaiy  results  presented  in  this  investigation  this  gain 
was  chosen  to  get  a  good  idea  of  the  order  of  the  time  cxanstant  before  any  further 
ejqjeriments  were  conducted 

Filtering 


A  first  test  that  included  an  anti-aliassing  filter  showed  that  the  gauge  has 
a  tkiE  oorstant  of  the  order  of  2Qu  sec.  It  was  therefore  deterrrined  that  with  a 
sampling  frequency  of  5  MHz  it  was  not  necessary  to  filter  to  obtain  clean  data  in  the 
range  up  to  IMHz  since  the  gauge  itself  acts  as  a  strong  filter.  The  frequency  content 
above  the  Nyquist  frequency  is  so  small  that  aliassing  can  be  neglected,  and  no  filter 
was  used 


C.3  Theoretical  Heat  Flux  and  Gauge  Response 


As  the  sho(ic  tim^  throu^  the  test  tube  it  irxxeases  the  terrperature  and  the 
pressure  aooordiiig  to  the  normal  shock  relaticois.  The  dx)ck  strength  of  the  dxxk 
travelmg  toward  the  endmp  has  been  measured  hy  Kulite  pressure  transducers  to  be 
about  3.4  in  terms  of  the  ratio  of  static  pressures  before  and  after  the  shock  (see  the 
Kvlite  locations  in  Figure  Cl).  Wth  the  shock  strength  known,  the  strength  of  the 
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shock  reflected  off  the  endcap  that  is  housing  the  heat  flux  sensor  can  be  calculated. 
The  combination  of  the  impacting  and  the  reflected  shock  determines  the  temperature 
increase  from  the  fluid  at  rest  to  the  temperature  of  the  fluid  after  the  passing  of  the 
reflected  shock  to  be  about  313®C. 

The  followirig  assunptions  "vwU  be  made: 


1.  The  fluid  and  the  surrounding  walls  of  the  test  tube  are  at  thermal  equilibrium 
before  the  shock  comes  by. 

2.  The  fluid  just  after  the  reflection  of  the  shock  is  at  rest. 

3.  The  fluid  just  after  the  reflection  of  the  shock  is  at  a  constant  temperature 

ocrrespordirig  to  the  teixperatijre  inciease  due  to  the  ncxmal  shock. 


Axepting  these  assurrpticQis,  the  situation  can  viev\ed  as  follows: 

A  fluid  at  rest  at  a  high  temperature  level  (the  level  corresponding  to  the  temperature 
after  the  shock  reflection)  is  exposed  to  a  sudden  change  of  its  boundary  tempera¬ 
ture,  which  is  the  test  tube  wall  temperature.  Instead  of  rapidly  changing  the  fluid 
temperature  by  a  traveling  shock  wave,  it  is  assumed  that  the  fluid  was  always  at  the 
hi^^  temperature,  and  the  •wall  temperature  is  suddenly  dropped  to  the  lev^  before 
the  shock  interaction.  Assuming  the  fluid  to  be  a  semi-infinite  continuum  with  the 
test  tube  axis  gping  into  the  medium  aixi  the  end  wall  -with  the  sensor  to  be  its 
limit,  one  finds  the  heat  flux  at  that  boimdary  from  the  Greens  function  solution  for 
a  shock  impact  at  time  t  =  0: 


_/5.*Ar 

®  v!rt 


(Cl) 
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In  Equation  Clqi  is  the  heat  flux  in  ^,/3a  is  the  square  itx)tGf  the  pxxluctcf  thermal 
conductivity,  density  and  specific  heat  of  air  or  the  thermal  product  evaluated  at  the 
conditions  after  the  reflected  shock.  The  following  conditions  were  calculated  from 
the  knowledge  cf  the  incxaning  shock  strength: 


A:=aO& 


W 


771-  K 
kg 


AT=3124/r 


(C2) 


Rom  this  pcdnt  on.  Equation  Cl  -with  the  numerical  values  shown  in  this  ThUe  -will 
be  considered  the  theoretical  heat  flux. 

The  response  of  the  gauge  to  this  theoretical  heat  flux  will  be  determined  next. 
It  has  been  dd:emin0d  fix)m  earlier  ejqjeriments  that  the  HFM-7/L  behaves  like  a 
first  order  system  with  the  transfer  fimction  in  the  Laplace  Domain: 


(C3) 


The  s  in  Equation  C3  is  the  variable  in  the  l  aplaoR  Domain.  The  time  cxnstant  r 
is  the  time  ocnstant  of  the  gecuge.  It  detemines  the  fi^ecjuency  re^nse  and  is  the 
parameter  locked  fca:  in  tins  investigation. 

The  theoretical  heat  flux  in  the  Laplace  Domain  can  be  expressed  as: 
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1  =A  ■  AT-  4= 


(C4) 


Wth  Equation  C3  and  Equation  C4  one  can  express  the  ^pge  response  as: 


qg=0-  AT - .  -yr 

^  r-v^-(s+i) 


(C5) 


Ote  can  trareform  Equation  C5  into  the  tinie  domain  to  ottain: 


2- (3 -AT 


(C6) 


Unfortunately,  Equation  C.6  cannot  be  further  simplified  and  has  to  be  integrated 
numerically.  Fhamthis  point  on  this  tiiTE  function  \\dfi  be  referred  to  as  the  theoretical 
gauge  response 


C.4  Results  and  Discussion 


In  this  preliminary  study  the  objective  is  to  find  a  good  estimate  of  the  time 
cor^tant  r  in  order  to  characterize  the  transfer  function  of  the  gauge.  This  is  aooam- 
plisTvyl  by  -vaiying  r  in  Eiquation  C6  until  good  agreement  with  the  experinrental 
dataisobtainad  Rgure  C2  shows  very  good  agreernent  between  the  theoretical  and 
the  measured  gauge  response  for  a  time  constant  of  17  fis.  EXen  though  the  ag:ee- 
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Figure  C.2:  Comparison  of  theoretical  heat  flux,  theoretical  gauge  re¬ 
sponse  and  e^qieriinenfcal  data. 
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iiEnt  is  vHy  gpod  for  tte  rising  portion  of  the  trace,  there  seeriB  to  be  seme  kind  cf 

disturbance  after  tte  peak.  Tlie  reasons  for  this  are  being  considered  and  possible 

modifications  to  the  test  setup  will  be  implemented  as  needed. 
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Appendix  D 


Transfer  Functions  of  the 
Measurements  Group  2310  Strain 
Gauge  Conditioner  and  Signal 
Amplifier  at  Different  Gain 
Settings 


ThB  Measurements  Group  2310  Strain  Gauge  Conditioner  and  Signal  Amplifier 
has  been  used  widely  at  Virginia  Tech  as  a  power  supply  and  signal  amplifier  in 
connection  with  different  Kvlite  transducers.  The  built-in  filter  unit  is  usually  set 
to  “Wide-Band”.  The  gain  settings,  however,  varied  for  different  ejqjeriments.  The 
only  information  given  by  the  manufecturer  concerning  the  transfer  function  of  the 
amphfier  at  this  setting  is  that  it  supposedly  shows  -3dB  at  75  kHz.  There  is  no 
mention  cf  the  dependency  of  this  Figure  on  the  gain  setting. 
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Fbr  tite  jx^esent  stucfy  this  c^narric  beha^dor  had  to  be  known  in  detail  in  order 
to  obtain  realistic  i^xesentations  of  the  veay  hi^  fiequency  dxxk  pasang  event. 
Iteefore,  the  trarefer  fuixiiare  wee  deternined  ejqerimentaUy  using  the  method 
called  ‘^ne  sweep”.  A  are  wave  of  known  fiequency  and  arrplitude  is  fed  into  the 
input  port  of  the  amplifier.  The  resulting  output  signal  is  compared  to  the  input 
agnal  in  terms  of  phase  shift  attH  sigpal  attenuation  and/ cxr  gain.  This  is  repeated  for 
different  frequencies  and  for  different  gain  settings.  The  experimental  data  was  then 
s^rprcDdnBted  assuming  a  “one  zero,  four  pold’  systenn.  This  ooixianatian  seemed  to 
represent  the  data  best.  The  amplifier  can  then  be  treated  mathematically  in  the 
following 


•  ijijjf  +Ai  •  (Ju>y  +As  •  (juif  +A  •  0^)  +-4 


(D.1) 


This  Equation  describes  the  traiKfer  function  II(jcJ)  in  the  frequency  domain.  The 
coefficients  A  arid  jE(  are  shown  for  the  different  gain  settings  in  Table  D.l.  The 


Table  D.l:  Coefficients  A  and.  £?  Describing  the  Ttansfer  Rmction  of 
the  K^asurements  Qroup  2310  Strain  Gcajge  Ckmditianer  and  Signal 


Gain 

- Hi - 

TPS’ 

■littfl 

A 

1 

-1.4586 

1.7702 

1.0000 

1.7666 

10 

-2.5731 

2.6934 

1.6318 

5.3787 

0.2690 

100 

-5.8882 

0.0500 

1000 

^.2997 

4.3428 

1.0000 

0.5264  1  0.2098 

0.1738 

0.0042 

experimental  data  is  shown  along  with  the  eppnximation  aoootding  to  Equation  D.l 
and  Thhle  D.l  in  Rgure  D.l  throng  D.4. 


These  graphs  show  that  the  transfer  function  of  the  amplifier  is  strongly  depen¬ 
dent  on  the  gain  setting.  Gieat  care  has  to  be  tal<En  when  setting  i?>-a  measurement 
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Figure  0.1:  E}jqDeriirKtital  and  i^jpraxinnated  Hansfer  Flmctian  of  the 
2310  Amplifier  at  a  Gain  of  1. 
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2310  Transfer  Function  (Wide  Band),  gain  =  10 


Figure  jy.2:  Fbqpaimental  zmd  .^3|MX3xirn0Dted  Tlransfer  Flmcticai  of  the 
231 0  Amplifier  at  a  Gain  of  10. 


.9] 


2310  Transfer  Function  (Wide  Band),  gain  =  100 


Figure  Dl3:  Experimental  and  i^ppraximated  Ti^nsfer  Rmcticai  of  the 
231 0  Amplifier  at  a  Gain  of  100. 
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chain  for  high  speed  measurements.  A  wrong  setting  of  the  amplifier  will  significantly 
detaiorate  the  quality  and  credibility  cf  the  data 
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Appendix  E 


Measurement  Error 


Tbere  are  two  in  measurennent  error  that  are  irrpcrtant  to  cxmsida:; 

nEasurerrent  rmoertainty  and  measurement  repeatability.  IVfeasurement  uncertainty 
refers  to  hew  dose  the  riEasurernents  are  to  the  true  physical  prqpeties.  IVfeasurement 
repeatability,  on  the  other  hard,  is  a  measure  of  how  repeatable  the  tests  can  be 
reproduced  from  run  to  run  and  day  to  day.  The  first  of  these  obstacles  to  tackle  is 
measurement  uncatainty. 


E.l  Measurement  Uncertainty 

Within  measurement  urxertainty  there  are  two  cat^pries,  bias  unoatainty 
arxi  predsion.  A  Has  unoertainty  refers  to  an  error  that  is  made  consistentty’  fixsm 
nEasureiTEnt  to  measurement.  These  sorts  of  enxrs  are  typically  associated  with 
calibration  of  the  trarfiduoers  or  consistent  errors  in  an  acquisition  scheme.  The 
pension  unoertainty  is  associated  with  rardem  errexs  that  ■vary  firm  measurement 
to  measurement.  The  first  area  of  uncertainty  to  address  is  the  bias  uncertainty. 
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Bias  Uncertainty 


Rjt  these  experiiiErits,  The  HFM  senseis  are  the  nain  ocriponerit  cf  bias  un¬ 
certainty.  Reliable  measurements  of  heat  flux  are  directly  dependent  on  the  calibrated 
sensitivity  of  each  sereor.  The  sensors  'went  throu^  an  extensive  caliheation  proce¬ 
dure  summarized  by  Smith  et  al.  (1999).  In  this  study,  the  gauges  'were  calibrated 
with  both  convective  and  radiative  heat  flux.  At  the  conclusion  of  the  study,  values 
for  tte  urxertarnty  for  each  of  the  gauges  sensitivities  are  gj-ven.  These  uncertainties 
are  specifle  for  each  of  the  gauges  installed  in  the  blade,  and  are  based  on  several  of 
the  convective  tests  and  a  90%  confidence  interval  assuming  a  Student-t  distribution. 
These  urrxrtainti^  are  listed  in  Thble  Rl.  The  next  question  to  answer  is  how  do 


Gauge 

Lftioertainty 

1 

17.0% 

2 

3.7% 

3 

5.2% 

4 

15.2% 

5 

a8% 

6 

10.7% 

Thble  Rl:  HFM  Gauge  Uioertaiiities 

these  bias  errors  in  heat  flux  measurements  affect  the  bias  oih,hc,Ti  and 77. 


Uhoooled  Runs:  Bias  Rrrors  in  h  sand  2^ 


The  heat  transfer  coefficient  is  the  slope  of  a  linear  fit  to  the  independent 
-variatie,  (27  -  i;  ),  and  the  deperxient  'variable  q.  Therefore,  the  bias  error  in  q 
■will  directly  translate  into  the  heat  transfer  coefficient.  The  difference  between  total 
terrperature  and  recovery  tenperature  23  is  deberrrined  fixjm  the  x-axis  intercept, 
-where  g  =  0.  The  baas  error  in  q  is  a  scaling  factor  and  not  an  offset.  Therefore,  23 
is  not  affected  by  the  bias  error  in  q. 
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Cboled  Huns:  Bias  Ekrors  in  he  said  rj 

fflTTPP  the  value  cf  is  the  slope  of  the  linearized  data,  and  q  is  plotted  on  the 
y-axis,  these  q  urx3ertainties  gp  directly  into  the  he  values,  so  that  the  values  in  Thble 
El  can  be  imderstood  directly  as  laas  uncertainties  in  he.  Also,  the  uncertainty  of 
T]  is  unaffected  by  uncertainties  in  the  scale  of  q  since  r)  is  deri\ed  fiom  the  x-axis 
intercept  of  the  lireailzed  data  The  value  of  ry  is  solely  dqxaident  rpon  ternperature 
rneasurernaits  and  is  unbiased  using  this  data  reduction  rnethoci 


Precision  Uncertainty 

The  next  area  of  unoatainty  is  the  precisian  uncertainty.  The  thermocouple 
HEasurerrents  oorEtitute  this  type  of  uncertainty.  The  lands  of  errors  that  gp  into 
precision  uncertainty  are  thermocouple  wire  difference  from  junction  to  jimction,  ac¬ 
quisition  inoonsistencies  fixjm  channel  to  channel,  or  a  wandering  electronic  ice  point. 


lAioocded  Huns:  Precision  of  h  and  Td 


Ary  uncertainty  in  the  measurerrEnts  of  It  and  cannot  affect  the  slope 
of  the  linear  fit  for  q  and  Tt  —  Tl,  but  will  only  shift  the  curve  in  the  dkectian 
of  the  x-axis.  The  heat  transfer  coefficient  is,  therefore,  free  of  precision  error.  The 
precision  in  the  difference  between  Tt  and  7; ,  on  the  other  hand,  will  directly  translate 
in  a  predsion  error  in  the  result  of  Td .  Thnperature  measurements  are  made  with 
K-Typ)e  therrnoooiples  and  the  AMUX-64T  nmltiplexEr  board.  Horn  the  National 
Instirurnents  literature  the  urxertainty  of  ary  individual  tenperature  measurement 
is  estimated  to  be  ±l.rC  with  respect  to  the  “true”  terrperature  fecorded  on  the 
same  data  acquisition  system  with  a  perfect  therrrooouple  Therefore,  the  precision 
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on  a  temperature  difference  is  V§  •  ±l.rC=±1.56’C'.  This  is  at  the  same  time  the 
precision  in  the  result  for  Ti . 


Ox>1pH  Runs:  rVecaaon  of  and  77 

Tte  three  tf^mrcor^ie  rtEasuremenfs  that  gp  into  the  4  and  77  calculations 
areT^,Tc,  and  7;.  Fbr  X  and  the  value  of  il.rC'was  used  as  the  pedsion  (see 
paragraph  above).  The  value  used  fcr  7;  is  1.5e“C  since  it  is  a  derived  value  fix)m 
tvw5  ttermooovple  measurements  (square  root  of  the  sum  of  the  squares). 

In  ottler  to  translate  the  individual  therrnooouple  precision  uncertainties  to 
he  and  77  precision  unc^ertainties,  a  method  -was  tahen  sinilar  to  that  suggested  by- 
Moffat  (1988).  The  first  step  of  this  approach  is  re-apply  the  h  and  77  analyas  using 
the  roxdnal  values  of  tv\o  cf  the  terrperature  measurements  and  an  “erroreef’  third 
tenperature  measurement  consisting  of  the  rrEasurement  added  to  its  uncertainty. 
The  addition  or  subtracticai  of  this  individual  uncertainty  is  done  such  that  it  has  the 
greatest  influence  on  the  h  and  77  values.  Next,  this  procedure  is  rq^eated  fcr  each 
of  the  other  two  measurements  individually  and  the  influence  of  each  measurement 
is  ccarputed  Knowing  each  individual  oentribution,  the  total  uncertainty,  5,  can  be 
ralmlfltfd  as  the  sum  of  the  sejuares  of  all  three  uncertainties, 

8  = 

The  results  vary  sli^itlyftomgangie  to  gpuge  and  firm  run  to  run.  Anurxbercfruns 
over  different  operating  ranges  were  subjected  to  this  uncertainty  analysis  and  the 
maxunim  uncertainty  fcr  each  gauge  is  listed  in  Thble  E.2. 
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Gauge 

he  lYedsion 

T]  Rredacm 

[-Lm 

1 

43.5,  5.9% 

0.040,  18.5% 

2 

49.2,  6.1% 

0.041,  21.0% 

3 

0.036,  13.9% 

4 

42.5,  5.9% 

0.040,  21.3% 

5 

48.3,  6.0% 

6 

49.4,  5.7% 

0.034,  11.5% 

IM^le  Eu2:  FVecdsion  Lfacertainties 
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E.2  Measurement  Repeatability 


Arcither  indicatian  of  measurement  errcr  is  measurement  repeataHlity  TQiis 
refers  to  the  repeatability  of  runs  conditions  fromrun  to  run.  Ivfeasurement  repeata¬ 
bility  is  an  experimental  number  that  reflects  the  same  ideas  contained  in  the  more 
theoretical  \Qli:e  of pecisianrincertainty(fix)mSec.  El),  hfeasuremerit  repeatability, 
hov\ever,  takes  into  aoxunt  the  real  variations  fiomrun  to  run  (eg.  variation  of 
aeroctynanic  mrvtitirms,  variations  of  hunddity  levels,  coolant  suppJy  lealagp,  ete). 
Th^  sorts  of  errcxs  have  ret  been  accounted  for  in  the  data  reduction  scheme  and 
perhsps  sonE  of  the  sources  of  variaticn  probably  have  not  been  even  conceived 
of  this,  it  is  inportant  to  get  this  ejperimental  value  of  measurement  re¬ 
peatability. 


Hepeedtability  for  XAicoaled  Runs 


Ufeirjg  the  six  urxxoled  experiments  used  in  this  dissertaticn  (see  Thbles  in 
Section  2.3.1)  one  can  obtain  the  repeatabilities  listed  in  Thble  E3  using  a  909o 
confidence  interval  from  a  Student-t  distribution  with  six  degrees  of  freedom: 


GaugB 

h  90%  Confidence  Interval 

Ti  90%  Confidence  Interval 

[W/rrf  “C], 

[“CJ 

1 

±  26.0,  ±  24% 

±  1.48 

2 

±  20.4,  ±  26% 

±  1.22 

3 

±  14.3,  ±  20% 

±  0.76 

4 

±  22.2,  ±  24% 

±  0.60 

5 

±  28.3,  ±  3.2% 

±  0.64 

6 

±  50.9,  ±  46% 

±  0.88 

Thble  Ei.3:  IvfeasuremBti  Repeatability  Ror  XJboooled  Runs 
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Repeatability  fia:  Cboled  Runs 


In  octJer  to  quantify  the  measureiTEnt  repeatability,  a  miniDer  cf  runs  at 
praxiirBtely  the  same  ocjrxfiticrB  ■were  cxanparecL  There  ■were  the  greatest  nurrber  cf 
ruTB  performed  near  the  cooling  design  poirt  cf  a  pressure  ratio  of  1.04.  All  of  the 
ruTB  for  this  pressure  ratio  ■were  oompared  in  Figure  El  and  E2. 


Pressure  Ratio  I  -  ]  Pressure  Ratio  [- ) 


Figure  E.l;  Measurement  Repeatability  of  Heat  Transfer  Coefficient  at 
PFt=1.04. 


These  measurements  ■were  taken  from  eight  different  runs  on  two  different  days. 
There  was  considerable  variation  noticed  from  day  to  day.  The  different  day’s  runs 
are  shown  with  different  symbols.  With  these  runs,  a  Student-t  distribution  with  a 


Pressure  Ratio  [ - ]  Pressure  Ratio  [-.] 

Figure  E.2:  Measurement  Repeatability  of  Effectiveness  at  PR=1.04. 


90%  confidence  interval  is  used.  These  confidence  intervals  are  shown  in  Table  E.4. 

Aoca:^iste!I:^dleckcanbeobseI^«ithat  theobeeivedirieasurernEinfc  repeatar 
bility  is  of  apprcBdrrBtely  the  same  size  as  at  theoretical  predsion  unoertairity.  Gairge 
or^  is  an  exception  to  this  giei^ralization  as  its  observed  rqDeatability  is  higiher  than 
its  predicted  precision.  I  believe  this  is  due  to  the  fact  that  the  flow  physics  around 
gangp  one  are  extremely  unstable  as  it  is  so  dose  to  the  last  coolant  exit. 
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rfaiigp  I  /?,.  90%  Confidence  Interval  |  r)  90%  Confidence  Interval 


1 

±  90,  ±  11.1% 

±  0.049,  ±  16.4% 

2 

±  32,  ±  40% 

±  0.015  ±  &2% 

3 

±  34,  ±  5.5% 

±  0.024,  ±  7.1% 

4 

±  38,  ±  5.1% 

±  0.034,  ±  15.8% 

5 

±  51,  ±  6.7% 

±  0.023,  ±  12.1% 

6 

±  63,  ±  7.3% 

±  0.034,  ±  11.4% 

Thble  E4:  IvfeasurenrEnt  Repeatability  for  Cboled  Runs 
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Appendix  F 

Discussion  of  the  Surface  Heat 
Flux  Equations  and  their 
Discretization 


It  is  often  of  interest  to  predict  the  heat  flux  to  a  surface  from  the  surface 
teaxpoiature  histcty  recorded  digtaUy  in  discretized  form.  Cbok  and  Ehldermann 
(1966)  and  Cook  (1970)  as  well  as  Oldfield  et  al.  (1978)  and  Diller  (1996)  developed 
nunerical  methods  to  peifcrmthis  evaluation. 

Johnson  et  al.  (1988)  and  Rigby  et  al.  (1989)  showed  that  the  same  basic 
equation  applies  to  the  problem  of  heat  transfer  between  a  fluid  and  a  smface  in  the 
presence  of  pressure  perturbations  in  the  flowfield.  They  used  a  numerical  method 
developed  by  Oldfield  et  al.  (1978)to  obtain  the  heat  flux  to  the  surface. 

In  this  Section  the  basic  ec[uaticai  will  be  derived  for  the  case  of  the  seni- 
infinite  solid.  The  same  basic  equation  was  derived  in  Section  3.5^.3  for  the  case 
of  pressure  disturbances  in  the  flow  over  a  surface.  Different  discretization  schemes 
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will  be  reported  or  developed  in  order  to  give  an  overview  of  the  different  options 
available. 


F.l  Derivation  of  the  Basic  Equation 


Semi-infinite  Solid 


Let  X  denote  the  distance  into  a  semi-infinite  solid  with  the  surface  at  x  =  0. 
TXx,  t)  be  the  tenperatirre  at  a  certain  depth  and  time.  Let  a  be: 


k 

p-c 


(F.l) 


k  be  the  thernKJ  oanductivity  of  the  solid,  p  its  density  and  c  the  specific  heat.  The 
differential  heat  conduction  equation  for  one-dimensional  heat  transfer  is  then: 


&T{x,t)  1  dr{x,t) 

ot  dt 


(F.2) 


Tlnrfiforrring  fiximthe  time  domain  into  the  Laplaoe  domain: 


ao?  a  ' 


(F.3) 
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TJ^\vQSinadeafth3feu±that  =s-T(x,s).  Tlie syirbd x desnotes the 

trsiisforrnBcl  function  of  x.  s  is  the  Laplsce  variable.  Equation  F.3  is  a  differential 
equation  in  only  one  ■variable  (x).  The  general  solution  of  this  equation  is: 


T(x,  s)  =A‘  eV^*  -\-B-  e 


(R4) 


The  first  boundary  condition  is  that  at  infinite  depth  the  temperature  change  ■will 
alwa^bezero: 


T(oQt)=0 


(R5) 


Of  transfcmBd  into  the  L^laoe  domain: 


T(oq,s)  =0 


(R6) 


Therefore,  A  in  Equation  R4  has  to  be  zero.  The  second  boundary  oonditian  is  the 
heat  flux  on  the  surface: 


dr(x,t) 


dx 


1  =  0 


=4 


(R7) 


is  the  heat  flux  per  unit  surface  area  at  the  surface  of  the  solid.  Transforming  F.7 
into  the  Lfi^laoe  domain  yields: 
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1  =  0 


(F.8) 


-k- 


dr{x,  s) 
dx 


Talking  tte  derivati-ve  cf  Equation  F.4  with  respect  to  x  at  x  =  0  (notipg  that  A  is 
zero)  and  repladiig  in  F.8  yidds  ths  solution  for  B.  After  rearranging: 


B  = 


Qs 

y/s-  Vfc-  P  •  C 


(R9) 


Replacing  this  solution  into  Equation  F.4  yidds  the  general  sduticn  of  the  tenperar 
ture  in  a  semi-infinite  solid  with  a  heat  flux  boundary  condition: 


T(x,  s)  = 


y/s-  y/k’  p  •  c 


Rx- the  surfece  ternperatiire  at  X  ==  Ch 


(F.IO) 


T(0,s)  = 


g. 

y/s-  y/k  -  p-  C 


(F.ll) 


And  rearranged  to  yield  the  surface  heat  flux  as  a  function  of  the  surface  temperature: 


q,  =  y/k- p-  c-  y/s  -  T(0,  s) 


(F.12) 
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This  Eijuation  is  useful  in  many  explications  that  invol'^e  surface  tenperature  mea- 

surenEXits  on  a  thick  substrate  cr  a  substrate  <rf  IcAV  oanductivity,  \vhere  the  assunp- 

tion  of  a  semi-infinite  assumption  is  valid  over  a  sufficiently  long  time. 

The  same  equation  can  also  be  applied  to  a  very  different  problem  (Johnson 
^  al.  (1988)  and  RigJ:y  et  al.  (1989))  as  shown  in  the  next  paragraph. 

Flow  over  a  Surface  with  Pressure  Perturbations 

R^oy  et  al.  (1989)  deri^«i  equations  to  ptedic*  the  heat  transfer  caused  by 
pressure  disturbances  in  the  flow  over  a  surface  (see  Section  3.5. 3.3.  One  component  of 
the  unsteady  heat  flux  due  was  attributed  to  the  transient  one-dimensional  conduction 
in  the  fluid.  The  equation  expressing  this  component  of  heat  flux  was  shown  to  be: 
F.12: 


4(s)  =  v^:7^-3;  •(i-n(t))- vS  (f.is) 


With  the  following  definition 


7;(t)  =  T,  .(i-n(t)) 


(F.14) 


EJquation  F.13  can  be  restated; 


(s)  —  y/k  •  p  •  Cp  •  Tg  (s)  • 


(F.15) 
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This  Equation  is  similar  to  Equation  F.12  The  following  parameters  ocsrespond  to 
each  other:  Both  equations  are  derived  from  very  different  assumptions  and  for  very 


Thl->1«=>  F.l:  CbrrespcMidiiig  \hiriables  in  EquatioiB  F«12  and  F.15 


Bq.  R12 

Eq.  R15 

^  =surfaee  heat  flux 

q^  (s)  =surface  heat  flux 

x/k'  p  •  c  =  Substrate  Ftoperties 

.  p.q^  Fliid  Properties 

T(0,  s)  =  Substrate  Surface  Tfenperature 

Tg  (s)  =  Induced  Fluid  Tferrperatiie 

different  situations.  For  both  problems  (surface  heat  flux  from  surface  temperature 
and  surface  heat  flux  from  fluid  temperature  variation)  the  respective  equation  usually 
has  to  be  evalrjated  numerically  sinoe  the  tenperature  data  is  recorded  di©tally. 
While  sorrE  r^eandErs  tse  Equatim  F.  12  or  Equation  F.  15  to  innplement  a  numerical 
scheme  others  first  invert  to  the  time  domain.  For  the  purpose  of  this  overview  the 
basic  equation  is  stated  in  the  most  general  wsy: 


q(s)  =  p  •  c*  T{s)  •  y/s 


Expanding  yields: 


(R16) 


q{s)  =  y/k- p  •  c  •  T(s)  •  s  • 


_1_ 


(R17) 


Nbtethat  5- TXs)  =^.  Repladng  into  the  above  Equation  yields: 


=  '  (F.18) 
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Hxjm  the  rules  of  Lgplaoe  transfomns: 


/  fi(T) 

Jo 

Tie  following  replacement  will  be  done: 

f=I(i)  - 

Replacing  this  substitution  in  F.  16  yields: 


(F.19) 

(F.20) 

11 

(R21) 

_ 

Q  = 


pc 


v5F 


/  — 

7o  y/t-T 


dr 


•  dr 


(F.22) 


This  can  easily  be  transfomned  into  the  time  domain: 


(F.23) 


The  following  substitution  will  siirplify  the  integration  and  elinrinate  tte  temperature 
derivatiw: 
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^=nt)-nr)  |=-f 


(R24) 


Wth  this  substitution  one  can  int^rate  F.  23  ly  parts  to  obtain: 


g(t)  = 


y/k- p  •  C 

Jk 


‘  1  j*  _ ^ 

0  ^  Jo  (t—r)^ 


•  dr 


(F.25) 


And  resubstituting  z  =T(t)  -  T(t)  into  Equation  F.25  with  T1[0)  =  0  finally  yields: 


q(t)  = 


m 


yA 


^2  i 


(F.26) 


Tins  is  thesecxDod  fcarnof  Elquation  F.  16  that  is  often  used  as  the  starting  point  fca:  ^ 
nurrErical  analysis.  AtHrd  form  was  vsed  by  \^dall  (1962).  It  will  not  be  discussed 
here  but  only  stated  for  oonpleteness: 


q{t)  = 


y/k- p  ■  C 
TT 


a 

db 


Bfe  uses  an  int^jated  form  of  Elguation  F.27: 


(F.27) 


C'-K  ■ 


yA  TT  •  yA  Jo  (t—  r)’ 


(F.28) 
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F.2  Comparison  of  Different  Ways  to  Obtain  Heat 
Flux  from  Discrete  Temperature  Data 


c!ir>rp  terrperature  data  is  ijsually  reocrded  di^tally,  only  discrete  data  points 
are  available  Therefore,  Equation  F.  16  oc  R26  hare  to  be  evaluated  nunErically.  Tb 
do  this,  one  has  to  interpolate  the  tenperature  data  between  the  discrete  sanples. 
In  the  literature  three  different  interpolation  schemes  have  been  used: 

1.  Tte  tenperature  between  two  sarrples  is  constant.  The  chap^  fiom  27_i  to 
77  takes  places  at  tine  This  niethod  wffl  be  derated  ‘Ipte  St^’’ in  the 
discussion  to  follow. 

2.  Tte  tenperature  between  two  sanples  is  constant.  Thedians^ffomT?  to27+i 
takes  place  at  time  ti .  This  interpolaticaa  will  be  denoted  ‘Early  Step”  for 
further  discussioa 

3.  Tte  tenperature  histcay  between  two  sanples  is  linear 

71(r)=7?-i  +^^^''  ’(r-A-i)  A-i  <  r  <  A  (F.29) 
This  interpolation  will  be  referred  to  as  “Linear  Interpolation”. 

Eacii  <rf  these  interpolation  schemes  will  be  used  with  eadi  of  the  two  basic  ecjuaticns: 

1.  The  original  Equation  in  the  Laplace  domain  F.16 

q(s)  =  y/k^c •  Tts)  •  (F.30) 
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•will  be  referred  to  as  “Le^aoe-Eqi  ladon” . 
2.  Tte  int^rated  Eijiration  F.26 


q{t) 


y/k- p  •  C 


2  7o  (t—ry 


will  be  referred  to  as  ‘Integral  Equation”. 


(F.31) 


The  three  different  interpolation  sdiemes  combined  with  the  two  equations  result  in 
six  different  combinations.  These  combinations  will  be  developed  in  the  following  six 
paragrs^hs. 

The  following  fcon  of  the  time  series  ■\rill  be  assumed: 


ti  —  >  ^2 » •  •  .  j  tff  0 

7:==Tx,T2,...,Tn 

At  =  time  step  between  two  sarrples  (F.S2) 


Wth  TVbeing  the  overall  nurrixT  of  samples. 


“Late  Step”  into  “Laplace  Equation” 

The  interpolated  temperature  time  history  for  the  case  of  the  “Late  Step”  is: 


n:tr,<t  -  (F.33) 

<=2 
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Ifee  (x)  are  the  Tagrangp  cperatocs.  TierisfcrrnBd  into  the  Laplane  Domain: 


TXt)=i"(3?-37-i)' ve-'‘-  n:  4  <« 
:=2 

Substituted  into  the  “Laplaoe-Ejquaticn”: 


(R34) 


n:  4  <t 


i=2 


(F.35) 


Ttansfbrmed  into  the  time  domain: 


n:  tn  <t  (F.36) 


implied  to  discrete  time  steps: 


Q(tm) 


.jirr~c  ^  .  1 


(F.37) 


And  simplified: 


m  —1 


(F.38) 
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¥bc  m=  1  and  m  =  2  no  valus  of  9(4 )  are  found  N3te  that  the  summatiQn  steps 
at  m—  1.  The  reason  lies  in  the  way  the  steps  were  defined.  At  the  time  step  mthe 
tenperatuie  is  still  -i .  Assumed  the  temperature  history  would  have  been  defined 
as  sudi: 


i=2 


Then  the  final  equation  for  )  -would  ha\e  beera 


(F.39) 


y/k‘  p-C 

y/jT  •  At 


13(37-3?-,) 


«=2 


y/m- 


(F.40) 


The  last  term  of  this  series  is  indeterminate.  The  last  element  would  have  to  be  fixed 
by  somehow  assuming  a  different  interpolation,  e.g.  a  linear  ramp. 


“Early  Step”  into  “Laplace-Equation” 


Fbr  the  case  of  an  “Early  Step”  the  interpdatiQn  for  tenperature  is  the  fol¬ 
lowing: 


(F.41) 

i=2 


UnnsfomTBd  into  the  Lsplaoe  domain; 
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T{t)  -  7r_i )  •  -  •  e-‘‘  n:  tn.i<t  (R42) 


Substituted  into  tte  “Laplaoe^Equatian” 


q(t)  = 


0  V 


(F.43) 


TiansfbrTrBd  into  the  time  dcauain: 


(F.44) 


./'^plied  to  discrete  time  steps: 


Q(t>n)  = 


(R45) 


And  simplified: 


rn—  «4-l 


(R46) 
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R«-  m=  1  IT)  -value  of  )  can  be  found  This  time  histxxy  is  identical  to  Equaticn 
F.38  shifted  one  time  step  to  the  left.  This  equation  was  first  pubhshed  and  compared 
to  other  schemes  by  Diller  (1996).  Note  again  that  the  definition  of  the  time  history 
is  crucial  for  the  stability  of  the  scheme.  Assume  the  time  history  was  defined  as: 


7Xt)=X^(27-27-i)-(i-A-i>®  n:  4-i  <t  (F.47) 

i=2 

Then  the  eq[uatian  for  g(4» )  wjuld  hai:^^  been: 


m  +  1 


y/m—  i-\rl 


(F.48) 


The  last  term  of  this  series  is  indeterminate.  A  different  interpolation  needs  to  be 
used  for  the  last  time  interval. 


“Linear  Interpolation”  into  “Laplace-Equation” 


The  time  function  of  tenperature  is  oorrposed  of  linear  ramps  betv«en  data 


points: 


,77+1  -2.3? +77_i 


i=2 


At 


(t  —  ti)  n:  tn  <t 


(R49) 


Hansformed  into  the  Taplane  domain: 
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(F.50) 


»=2 


At 


Si±stituted  into  the  “Laplaoe-Equatian”: 


g(t)  =v^.p-c»y^- 


Ti+i  -2- 27+77-1 


i=2 


At 


TlarisfOTTned  into  the  tiine  dciiiain: 


9(t)  = 


2-  y/k- p  ■  c 


y:- 


t+1 


2.77+77-1 


At 


y/t  —  ti  n:  tn  <t 


i^Dplied  to  discrete  time  steps: 


y/ir 


»=2 


2-77+77-1 

At 


n:  t„  <t 


And  simplified: 


Q(fm  ) 


2-  Vfc.  p  •  c 
v4r  •  At 


m  —1 

•  ^  ^(y+i  —2-Ti  +77-i) •  y/m—i 
1=2 


(R51) 


(F.52) 


(R53) 


(R54) 
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Note  that  for  m=  1  and  m  =  2  no  -values  )  are  found.  This  Equation  was  first 
published  by  Oldfield  et  al.  (1978)  and  used  by  Johnson  et  al.  (1988).  An  alternative 
form  of  Equation  F.54  can  be  obtained  by  defining  the  temperature  history  as  follows: 


m  =  ~ ^  '>  (f.55) 

t=3 

Tdfis  results  in  the  fofiowirig  soliitice  for  q-Ctm )  -vdiich  the  exact  saine  result  but 

is  sli^idy  eaaer  to  progranx 


=  (F.56) 

VTT  •  At  “ 

“Late  Step”  into  “Integral  Equation” 

The  temperature  history  for  the  “Late  Step”  can  be  defined  as; 


T{t)=Ti.x  for  ti.x<t<ti  (F.57) 

R^acirig  this  iribeipdatian  into  the  “hitegral  Equation”  andperfomingtheintegcar 
tion  over  each  dement  results  hr 


Q(fm,  ) 


y/k-  p  •  C 


^ -^-1 
2  1  (4.  -  r)^ 


(F.58) 
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Fterfcrairig  the  integration  yields: 


9(t.)  = 


V^-  p  ■  c 

/T-l  ^ 

_£i. 

'I'm  —  'Ii-\ 

ti 

h- 

,(4.  -  t)<  _ 

(F.59) 


And  using  Knits  of  int^pation: 


9(4.)  = 


y/k-  p  •  C 


»=2 


L(4-A)"  (4-A-i)^JJ 


(F.eo) 


The  last  element  of  this  series  is  indeteminate.  One  way  to  overocane  this  problem 
is  to  use  a  linear  interpolation  fcr  the  last  time  stqD.  This  yields  the  following  result: 


m  —1 


i:r2 


[(tm-tiy  (u-ti.iyj 


T  —T 


m  “1 


vSt 


(R6I) 


“Early  Step”  into  “Integral  Equation” 

The  tenperature  time  histoey  for  the  assumption  of  an  “Early  Step”  can  be 
defined  as  such: 


T(t)=7r  for  ti^i<t<ti 


(R62) 
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Tte  integratian  is  the  same  as  in  the  previous  Secticn  cnly  Ti  is  used  instead  cf  27-i  • 
The  result  of  the  int^ration  is: 


q(U)  = 


y/k- p  •  C 


is2 


(F.63) 


Tte  last  term  of  the  summation  is  agEiin  indeteminate.  UKng  a  linear  interpolation 
for  the  last  dement  yidds: 


<^tm) 


y/k-  p-C 


m  —1 


+53(2:  -  2?) 


t=2 


1(4. 


vSt 


1  (F.e4) 


“Linear  Interpolation”  into  “Integral  Equation” 


The  linear  terrperature  time  history  over  a  sample  interval  can  be  written  as: 


2Xt)=2?-i+^  -(t-ti-i) 


fear  <i_i  <t<ti 


(F.65) 
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The  piecewise  int^ration  and  summatian  -was  done  in  detail  in  Sdiultz  et  al.  (1973). 
It  is  net  gpingto  be  repeated  here.  The  result  of  the  int^?:ation  is: 


9(<m) 


V^-  p  •  c 

'2; 

2;  -2; 

> 

y/k- p  •  C 

2;- 

27 

27»  —  27-1 

(F.ee) 


+2- 


27-27-1 


This  expression  was  first  presented  by  Cook  et  £il.  (1966).  A  simplified  form  of  this 
equation  was  ©ven  by  Schultz  et  al.  (1973)  and  Cbok  (1970)  without  derivation  (The 
factor  of  2  was  onitted  ty  nistake  in  Schultz  et  al.  (1973)): 


.  . _ 2 •  Vfc’  P '  ^  _ 27  —  27-1 _ 

^  ~  ^(4  -<i)^+(An  -A-l)^ 


2-  \/k-  p  •  c 


_ _ _ _ i- 

Vtt  •  At  "^(pn—iy  +{m—  i  +  1)^ 


27-27-1 


(F.67) 


Fhr  valueB  m=  1  and  m=  2  no  ■values  taf  q(fm  )  obtained. 


One  Additional  Equation 


The  linear  interpolation  ©"ves  a  oooastant  slope  of  tenperature  fear  each  tune 
interval: 


T{t)  =27-1  •  t  ti-x<t<ti 

ar  27-27-1 
dr  At 


(F.68) 


Replacing  this  constant  deri-vative  in  F.23  and  integrating  pieoerwise: 


LMil®  any  other  scheme  enrplqying  the  linear  intapdlation,  this  Equation  ©ves  a 
result  fcr  g(4j )  at  m=  2.  This  numerical  scheme  was  first  shown  by  Diller  (1996). 
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Appendix  G 


Steady  and  Unsteady  Heat 
Transfer  in  a  Transonic  Film 
Cooled  Turbine  Cascade 


FteseiitedattJie44diASMEGasTlrbii]earxi  AeroengrieTfedinical  Chpgress, 
Ebqxaticn  and  Ubers  Symposium  as  Paper  Nunrbar  ASME  99-G?r-259. 
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STEADY  AND  UNSTEADY  HEAT  TRANSFER  IN  A  TRANSONIC 
FILM  COOLED  TURBINE  CASCADE 


a  Rdpr,  Dl  E  Smith,  J.  V.  Buht^  K  C  G^iabovuski  111,  T.E  Dlller,  J.  A.  Schet^  WIng-Fal  Ng 

Virgnia  Polytechnic  Institute  and  State  Uhiversity 
Backsburg,  VA24061 


ABSTRACT 

This  paper  reports  on  an  investigation  of  the  heat  transfer  on  the 
suction  side  of  a  transonic  film  cooled  turbine  rotor  blade  in  a  linear 
cascade.  Heat  transfer  coefficient  and  film  effectiveness  are  first 
determined  for  steady  conditions.  Tbe  unsteady  effects  of  a  passing 
shock  on  the  heat  transfer  are  then  investigated.  ITie  film  cooling 
pattern  used  is  a  showerhead  design  with  three  rows  on  the  suction 
side,  one  row  at  the  stagnation  point  and  two  rows  on  the  pressure 
side.  The  experiments  were  performed  at  engine  representative 
temperature  and  pressure  ratios  using  air  as  coolant.  Heat  transfer 
measurements  are  obtained  using  a  Heat  Flux  Microsensor,  and 
surface  temperature  is  monitored  with  a  surface  thermocouple.  Static 
pressure  is  monitored  with  a  Kulite  pressure  transducer.  The  shock 
emerging  from  the  trailing  edge  of  the  NGV  and  impinging  on  the 
rotor  blades  is  modeled  by  passing  a  shock  wave  along  the  leading 
edges  of  the  cascade  blades.  The  steady-state  heat  transfer  coefficient 
is  8%  higher  with  film  cooling  than  without  film  cooling.  Shock 
heating  of  the  freestream  flow  is  determined  to  be  the  major 
contribution  to  the  unsteady  variation  of  heat  flux,  leading  to  an 
increase  of  about  30®C  to  35 ®C  in  recovery  temperature  and  adiabatic 
wall  temperature. 

NOI\£NCLATlJRE 

Symbols 

B  blowing  ratio  (pu)c/(pu)f 

d  cooling  hole  diameter  (1  mm  ) 

c,;  specific  heat  of  air,  1005  J/(kg  K)  in  £q.(3) 

h  heat  transfer  coefficient  w/o  film  cooling 
he  heat  transfer  coefficient  w/  film  cooling 

I  momentum  ratio  (pu\y(pu^)f 

M  density  ratio  pjpf 

p  '  static  pressure 
Pr  Prandll  Number  (0.71  in  Eq.(9)) 

q  heat  flux  per  unit  area 

q^iHMx  peak  value  of  the  unsteady  component  of  heal  flux 


qg  bias  in  heat  flux  measurement  (£q.(8)) 
r  recovery  factor  in  Eq.(3)  and  Eq.(6) 

T.w  local  adiabatic  wall  temperature 

Tc  coolant  exit  temperature 

Tj^  TrT,  Eq,(3) 

Tj*  teal  value  of  measured  T^ 

Tp  coolant  temperature  in  the  cooling  plenum 

Tf  local  recovery  temperature 

Tt  freestream  total  temperature 

Tw  local  wall  or  blade  temperature 

Te  bias  in  temperature  measurement  (Tr-Tw)  (Eq.(5)) 

u  local  freestream  velocity  in  Eq.(3) 

X\  film  effectiveness  defined  in  £q.(7) 

Superscripts 

'  unsteady  variation 

Subscripts 

c  coolant  or  w/  film  cooling 

f  freestream 

IhTTRODUCnON 

The  efficiency  of  a  gas  turbine  engine  increases  with  turbine  inlet 
temperature.  In  the  ongoing  effort  to  raise  the  turbine  inlet  temperature 
the  gas  stream  temperature  is  made  to  greatly  exceed  the  operating 
temperatures  of  blade  materials,  requiring  elaborate  blade  cooling 
techniques  to  be  developed.  One  of  these  methods  is  to  spread  a  thin 
layer  of  cold  air  between  the  hot  gas  and  the  surface  to  be  protected, 
referred  to  as  film  cooling.  The  quest  for  higher  thrust  to  weight  ratios 
in  the  development  of  aero-engines  has  led  to  the  design  of  nozzle 
guide  vanes  (NGV)  with  supersonic  exit  velocities.  The  rotor  blades 
consequently  are  not  only  subject  to  wake  but  also  shock  impingement 
as  they  pass  behind  the  NGV’s  at  very  high  speed.  The  effect  of  this 
unsteady  process  on  the  heat  transfer  to  the  rotor  blade  has  been  the 
topic  of  a  variety  of  research  programs.- 

The  vast  majority  of  results  have  been  presented  by  the  research 
team  led  by  Schultz  and  Jones  at  the  University  of  Oxford.  Johnson  et 


aL  (1990)  investigated  the  unsteady  heat  flux  on  rotor  blades  in  a 
linear  cascade  simulating  the  wake  and  shock  with  a  rotating  bar 
mechanism  upstream  of  the  cascade.  They  found  a  turbulent  spot 
forming  on  the  leading  edge  produced  after  the  collapse  of  the  shock 
induced  separation.  Travelling  along  the  suction  side,  this  turbulent 
spot  increases  the  heat  transfer.  Boundary  layer  transition  due  to  wake 
impingement  was  observed  to  further  enhance  unsteady  heat  flux. 
Moss  et  al.  (1997)  performed  tests  in  a  rotating  annular  cascade 
indicating  that  the  unsteady  disturbances  caused  by  the  NGV’s  have 
little  influence  on  the  heal  transfer  coefficient  and  the  time  averaged 
heat  flux.  They  indicate  that  the  unsteady  heat  flux  is  caused  mostly  by 
the  time  variation  in  relative  total  temperature.  The  mean  heal  transfer 
level  therefore  is  not  strongly  affected  by  the  presence  of  the  NGV’s. 
None  of  these  experiments  involved  rotor  blade  film  cooling.  Film 
cooling  experiments  have  been  done  on  the  same  blade  geometry 
(Horton  et  al.  1985)  but  did  not  include  unsteady  effects. 

Hilditch  et  al.  (1995)  performed  time  resolved  heat  transfer 
measurements  on  an  axial  turbine  rotor  and  compared  his  results  with 
data  from  the  University  of  Oxford  and  MIT.  The  rotor  blades  were 
not  cooled  and  no  analysis  was  done  to  discriminate  shock  and  wake 
effects. 

Similarly,  Abhari  and  Epstein  (1992)  measured  unsteady  heat 
flux  on  a  film  cooled  rotor  in  a  rotating  transonic  turbine  stage.  They 
observed  large  fluctuations  of  heat  transfer  over  a  blade  passing  period 
but  did  not  distinguish  between  the  effects  of  shocks  and  wakes. 

Heidmann  et  aL  (1997)  experimentally  and  numerically 
investigated  the  effect  of  wake  passing  on  the  time-averaged  heat  flux 
in  a  film  cooled  annular  cascade,  modeling  the  wake  using  a  rotating 
bar  mechanism. 

Hale  et  al.  (1997)  modeled  the  effect  of  wake  passing  in  a  quasi¬ 
steady  way  using  a  stationary  strut.  Increases  in  heat  transfer 
coefficient  were  measured  for  a  number  of  locations  on  the  blade, 
particularly  on  the  pressure  side. 

Nix  et  al.  (1997)  analyzed  in  detail  the  progression  of  a  shock 
through  the  same  cascade  and  its  effect  on  the  unsteady  heat  transfer. 
When  averaged  over  a  200}is  blade  passing  event,  a  maximum 
increase  of  heat  flux  of  60%  was  measured  due  to  shock  passing. 

The  intent  in  the  present  study  is  to  measure  and  interpret  the 
unsteady  heat  transfer  due  to  an  isolated  shock,  as  opposed  to  a 
combination  of  wake  and  shock.  The  focus  of  the  research  has  been 
extended  to  film  cooled  blades. 

EXPEFBA/B4TAL  APPARATUS 


shock  wave  which  is  sent  along  the  leading  edges  of  the  cascade  (see 
Fig.  2).  The  shock  strength  can  be  varied  to  obtain  realistic  pressure 
ratios.  For  the  present  investigation  a  shock  strength  of  1.08  (ratio  of 
local  static  pressure  behind  shock  and  local  static  pressure  before 
shock  impact)  was  chosen.  Accordingly,  the  shock  Mach  number  is 
about  1.03  relative  to  the  freestream  flow. 


Figure  1:  Wind  Tunnel  Facility 

Shock  From 


Figure  2:  Cascade  and  Shock  Apparatus 


Wind  Tunnel  Facility.  Cascade  and  Shock  Apparatus 

The  experiments  necessary  for  this  investigation  were  performed 
in  the  transonic  blowdown  wind  tunnel  at  Virginia  Tech.  A  passive 
heating  device  is  available  to  achieve  high  (120^Q  inlet  temperatures 
to  the  cascade.  It  consists  of  many  copper  tubes  that  are  preheated 
prior  to  running  the  tunnel.  Fig.  1  shows  the  wind  tunnel  with  the 
heating  loop.  With  the  present  cascade,  the  facility  allows  run  times  of 
up  to  35  seconds  with  the  inlet  pressure  controlled.  The  test-section 
and  cascade  built  for  this  investigation  are  shown  in  Fig.  2.  The 
cascade  consists  of  four  full  and  two  half  blades  forming  five  passages 
(see  Fig.  2).  The  blade  design  is  a  generic,  high-turning,  first  stage 
rotor  geometry.  It  is  scaled  up  three  times  to  accommodate  the  cooling 
scheme  and  instrumentation.  The  span  is  15.3  cm  (6”)  and  the 
aerodynamic  chord  is  13.6  cm  (5.4**).  Pitch  and  axial  chord  are  11.4 
cm  (4.5**)-  The  Reynolds  Number  based  on  aerodynamic  chord  and 
exit  conditions  is  about  6-10^.  The  Mach  Number  distribution  was 
shown  to  correspond  to  design  conditions.  To  simulate  the  shock 
emerging  from  the  trailing  edge  of  a  NGV,  a  shock  tube  creates  a 


Cooling  Pattern 

A  schematic  of  the  showerhead  film  cooling  design  is  shown  in 
Fig.  3.  All  coolant  holes  are  cylindrical  and  straight.  The  pressure  and 
suction  side  gill  holes  form  angles  with  the  local  chordwise  tangent  of 
45°  and  30°,  respectively,  and  have  no  inclination  in  the  radial 
direction.  All  other  rows  of  holes  are  normal  to  the  local  chordwise 
tangent  but  angled  60°  in  the  radial  direction.  Each  row  consists  of  14 
holes  with  a  diameter  of  1.04  mm  (0.041**)  and  a  spacing  of  9.14  mm 
(0.360**).  The  rows  are  staggered  half  the  spacing  with  respect  to  the 
neighboring  rows,  yielding  an  overall  pitch/diameter  ratio  of  4.39. 
Length/diameter  ratios  vary  from  11.5  for  the  suction  side  gills  to  4.4 
for  the  suction  side  nose  #2  row.  Only  the  suction  side  gills  and  the 
suction  side  rows  #1  and  #2  actually  affect  the  suction  side  heat 
transfer.  The  coolant  ejected  through  the  stagnation  point  row  actually 
flows  along  the  pressure  side  as  observed  from  shadowgraph  pictures. 
That  means  that  in  spite  of  pressure  measurements  locating  the 
stagnation  point  right  at  the  stagnation  point  row  exit,  it  must  be 
shifted  towards  the  suction  side. 
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Figure  3:  Blade  Cooling  Scheme 

The  nominal  ratio  of  coolant  to  freestream  total  pressure  for  these 
experiments  is  1.04.  Therefore,  the  Momentum  Ratio  for  each  row  of 
holes  is  kept  constant  while  Density  Ratio  and  Blowing  Ratio  vary 
with  coolant  temperature  as  shown  later  in  section  ‘Steady-State  Data 
Analysis  and  Results,  With  Film  Cooling*.  The  temperature  ratio  T/Tc 
decreases  from  about  1.9  early  in  the  experiment  to  about  1.5  late  in 
the  run.  Homogeneous  blowing  through  the  cooling  holes  was  checked 
by  traversing  a  total  and  static  pressure  probe  along  the  centerline  of 
the  cooling  plenum.  The  resulting  linear  velocity  distribution  indicated 
uniform  blowing.  Coolant  exit  temperatures  are  measured  with  very 
small  exposed  junction  thermocouples  protruding  into  the  exit  of  the 
last  set  of  cooUng  holes.  Conduction  errors  in  those  measurements 
were  investigated  experimentally.  It  was  determined  that  these  errors 
were  negligible  for  the  application  in  the  blade.  For  the  experiments 
without  film  cooling  the  plenum  is  fiilly  plugged  with  a  tightly  fitting 
Nylon  rod.  The  coolant  supply  is  shown  in  Fig.  4.  The  two  stage 
reciprocating  compressor  provides  pressurized  air  at  12  bar  (160  psig) 
to  the  storage  tank.  The  dryer  lowers  the  humidity  to  below  three 
percent  relative  humidity. 


Figure  4:  Coolant  Supply 


In  order  to  control  the  difference  between  coolant  and  freestream 
total  pressure,  an  air  relay  is  used  with  the  freestream  total  pressure  as 
the  signal  and  an  adjustable  bias.  The  chiller  is  a  copper  tube  heat 
exchanger  immersed  in  liquid  nitrogen.  It  provides  coolant 
temperatures  down  to  -100®C  in  the  plenum. 


Sensors 

The  measurement  location  in  this  investigation  is  indicated  in  Fig. 
5.  Three  different  sensors  are  placed  staggered  in  the  spanwise 
direction.  A  surface  thermocouple  monitors  the  local  blade 
temperature.  It  was  designed  to  have  thermal  properties  similar  to  the 
surrounding  blade  material  (aluminum),  and  it  is  press  fit  to  provide 
good  thermal  contact.  The  surface  static  pressure  is  measured  with  a 
Kulite  pressure  transducer,  so  that  pressure  variations  due  to  the  shock 
passing  can  be  captured.  Heat  flux  is  measured  using  a  heat  flux 
microsensor.  This  sensor  is  described  in  detail  in  Diller  (1993). 
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Figure  5:  Plan  View  of  a  Section  of  the  Suction  Side  Showing  Sensor 
Locations  and  Coolant  Exits 


It  behaves  similar  to  a  first-order  system  with  a  time  constant  of 
about  6ps.  Therefore,  it  is  capable  of  tracing  rapid  changes  like  a 
shock  passing  with  sufficient  accuracy.  The  substrate  material  of  the 
sensor  is  aluminum  nitride  which  has  thermal  properties  similar  to 
aluminum  but  is  electrically  insulating.  Consequently,  the  temperature 
history  of  the  gauge  should  closely  follow  the  local  blade  temperature. 
The  active  diameter  of  the  gage  is  5.3  mm  (0.21”).  Accordingly  the 
gauge  extends  from  10  to  15  cooling  hole  diameters  downstream  of  the 
suction  side  gills.  The  relative  size  and  location  of  the  sensor  are 
expected  to  provide  a  spatially  averaged  value  of  heat  flux.  For  the 
steady-state  investigation,  all  signals  are  sampled  at  100  Hz  and 
filtered  at  50  Hz.  Both  pressure  and  heat  flux  signal  are  sampled  at  1 
MHz  and  filtered  at  40  kHz  for  the  unsteady  investigation. 

Optical  Access 

To  monitor  the  state  of  the  cooling  film  and  to  visualize  the  shock 
passing  process,  shadowgraph  pictures  were  taken  either  using 
Polaroid  film  (steady-state)  or  a  high  speed  digital  camera  (shock 
passing).  The  digital  camera  is  capable  of  taking  four  successive 
pictures  with  a  frequency  of  up  to  1  MHz.  The  high  speed  capability  is 
necessary  to  investigate  in  detail  the  effect  of  the  passing  shock. 
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STEADY-STATE  DATA  ANALYSIS  AM3  RESULTS 


Without  Film  Coolino 

The  general  definition  of  the  heat  transfer  coefficient  used  here  is 

q=h  (T.. -TJ  (1) 

With  no  cooling  film  present,  the  adiabatic  wall  temperature  is  the 
recovery  temperature.  Therefore 

q=h-(T,-Tj  (2) 

The  difference  between  the  freestream  total  temperature  and  the 
recovery  temperature  is  a  function  of  the  freestream  velocity  and  the 
recovery  factor 

Ti  =1;  -X  =(l-r)-^  (3) 

2-Cp 

This  difference  Tj  is  a  constant  throughout  the  run.  Therefore  £q.  (2) 
can  be  written  as 

q=h-(T; -Tj-h-Ti  (4) 

£q.  (4)  is  a  linear  equation  with  the  independent  variable  (Tt-T^)  and 
the  dependent  variable  q.  The  slope  is  the  heat  transfer  coefficient  h, 
and  Tj  is  the  intercept  at  q=0  as  illustrated  in  Fig.  6.  The  temperatures 
Tt,  Tw,  and  the  heat  flux  q  vary  during  the  experiment,  since  the 
passive  heating  device  is  cooling  down  as  the  freestream  air  is  drawing 
heat  from  the  copper  tubes.  The  blade  temperature  is  increasing  during 
the  tunnel  run,  so  the  overall  temperature  difference  (TrTw)  and  the 
heat  flux  q  decrease  (see  Fig.  7).  Assuming  that  h  is  not  a  function  of 
the  temperatures  involved,  one  can  obtain  the  heat  transfer  coefficient 
and  Tj  by  fitting  Eq.  (4)  to  the  data.  A  typical  graph  illustrating  this 
technique  is  shown  in  Fig.  6.  The  data  shows  linear  behavior  as 
expected.  The  difference  between  the  freestream  total  and  wall 
temperatures  never  actually  reaches  zero.  It  typically  spans  the  range 
from  70®C  down  to  10®C.  The  intercept  at  q=0  is,  therefore,  an 
extrapolation  which  seems  justified.  The  corresponding  time  history  of 
heat  transfer  coefficient  (h)  and  recovery  temperature  obtained  using 
the  calculated  Tj  is  shown  in  Fig.  7  along  with  the  total  temperature 
(Tt),  the  blade  temperature  (Tw)t  and  the  heat  flux  (q)  during  a  run. 


Figure  6:  Interpolation  for  h  and  Tj  (Uncooled  Run  #6) 


Figure  7:  Time  History  of  T„  T^  h,  q  (Uncooled  Run  #6) 
(Dashed  Lines  Indicate  Range  of  Useful  Data) 

An  error  analysis  shows  that  bias  errors  in  both  the  heat  flux  and 
the  temperature  measurement  do  not  affect  the  resulting  heat  transfer 
coefficient.  This  is  because  an  offset  of  the  data  in  either  the  x  or  y- 
direction  ((Tr-TJ  and  q  respectively)  does  not  change  the  slope  of  the 
curve.  Accordingly,  the  experimental  scatter  for  the  heat  transfer 
coefficient  is  small.  Tj  on  the  other  hand  is  more  severely  affected  by 
measurement  uncertainty.  A  bias  error  in  both  temperature  and  heat 
flux  measurement  transfers  directly  into  an  error  in  recovery 
temperature 

Td=T;-T,+^  (5) 

n 

Therefore,  the  scatter  is  larger.  The  experimental  results  for  several 
repeating  runs  are  shown  in  Table  1.  The  difference  between  total  and 
recovery  temperature  based  on 

r=Vft  (6) 

and  the  local  Mach  Number  of  0.6  would  yield  a  value  of  Tj  of  4.2®C, 
assuming  an  average  Tt.  Shadowgraph  and  Schlieren  pictures  had 
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shown  thflt  the  boundary  layer  at  the  blade  location  of  interest  is 
laminar.  It  needs  to  be  stated  that  all  the  experimental  results  of  are 
higher  than  the  ones  based  on  isothermal  flat  plate  calculations.  The 
reason  for  this  is  either  in  the  measurement  accuracy  (Eq.(5))  or  in  the 
steep  pressure  gradient. 


Run# 

1 

2 

3 

4 

5 

6 

7 

8 

9 

h 

[W/m^'C] 

635 

620 

639 

654 

664 

613 

625 

623 

637 

Td 

r“ci 

6.9 

8.6 

7.0 

7.7 

8.8 

5.0 

6.9 

7.3 

4.7 

Table  1:  Run-to-Run  Variation  of  h  and  Td 


With  Film  Cooling 

To  indicate  the  state  of  the  cooling  film,  shadowgraphs  and 
Schlieren  pictures  are  taken  both  with  Polaroid  film  and  the  high¬ 
speed  digital  camera.  The  shadowgraph  in  Fig.  8  shows  that  the  film  is 
attached  to  the  surface  diowing  turbulent  structmes.  The  pressure  side 
is  hidden  by  instrumentation  outside  of  the  cascade. 


Figure  8:  Shadowgraph  Showing  Attached  Film 

With  film  cooling,  the  adiabatic  wall  temperature  is  usually  expressed 
in  terms  of  the  film  effectiveness. 


or  X. 

Substituting  Eq.  (5)  into  Eq.  (1)  yields 
q=h,  (X-T,  -T|  (T,-TJ) 


Dividing  by  (T^-Tc)  yields 


q  .S_lZk 

X  -x  ^  x-% 


-he  ■r\ 


(7) 

(8) 

(9) 


Since  the  temperatures  and  heat  flux  levels  change  considerably  during 
the  experiment,  a  wide  range  of  values  is  obtained,  as  illustrated  in 
Fig.  9.  Assuming  that  h^  and  r\  are  not  functions  of  temperatures,  Eq. 
(9)  is  ^  linear  relation  between  the  fraction  on  the  left  hand  side  and 
the  temperature  ratio  on  the  right  hand  side.  The  slope  is  the  heat 
transfer  coefficient,  and  the  intercept  at  q=0  is  the  film  effectiveness. 


The  recovery  temperature  is  calculated  by  subtracting  the  average  Tj 
of  6.9®C  from  the  freestream  total  temperature.  The  coolant 
temperature  is  determined  using  the  mass  flow  averaged  exit  coolant 
temperatures  from  the  three  rows  of  cooling  holes  affecting  the  suction 
side.  A  representative  example  is  shown  in  Fig.  9.  Since  the  data 
follows  the  linear  interpolation  closely,  it  can  be  stated  that  the 
assumptions  leading  up  to  this  interpretation  of  the  data  are  correct 
Specifically,  the  heat  transfer  coefficient  and  the  film  effectiveness  do 
not  vary  significantly  throughout  the  run. 


Fig.  10  a)  shows  the  time  history  of  the  heat  transfer  coefficient 
calculated  using  the  film  effectiveness  in  Fig.  9.  The  heat  transfer 
coefficient  determined  this  way  is  very  uniform  throughout  the  time 
window  used  for  the  data  analysis.  In  Fig.  10  b)  aU  temperatures 
involved  during  this  particular  experiment  are  shown.  T.^  is  based  on 
the  film  effectiveness  determined  in  Fig.  9.  It  is  evident  that  the 
coolant  exit  temperature  is  significantly  higher  than  the  coolant  total 
temperature  in  the  plenum  indicating  high  heat  transfer  rates  in  the 
cooling  holes.  Fig.  10  c)  gives  the  Density  Ratio,  Blowing  Ratios  and 
Momentum  Ratios  for  all  three  cooling  hole  locations  of  interest.  Since 
the  Density  Ratio  is  not  a  function  of  the  local  freestream  Mach 
Number  it  is  the  same  for  all  coolant  exit  locations.  Since  the  total 
pressure  ratio  is  kept  relatively  constant  throughout  the  run,  the 
Momentum  Ratios  are  close  to  uniform.  Even  though  the  Mornenmm 
Ratios  are  repeatable,  the  coolant  total  temperature  varies  somewhat 
from  run  to  run,  since  there  was  no  physical  control  for  this  parameter. 
As  shown  in  Fig.  10  b)  the  freestream  total  temperature  changes  with 
time.  That  causes  the  decrease  of  Density  Ratio  and  Blowing  Ratio 
shown  in  Fig.  10  c).  All  Ratios  are  based  on  isentropic  flow  through 
the  holes.  Realistically,  it  would  be  hard  to  analyze  the  flow  through 
the  cooling  holes  since  not  only  frictional  effects  but  also  high  heat 
transfer  rates  (see  Fig.  10  b))  would  have  to  be  taken  into  account 
Based  on  coolant  mass  flow  measurements  an  average  discharge 
coefficient  of  0.66  for  all  cooling  holes  was  determined. 

The  average  heat  transfer  coefficient  with  film  cooling  (686 
W/(m^®C))  is  8%  higher  than  h  without  film  cooling  (634  W/(m^C)). 
Using  a  thermal  conductivity  of  0.030  W/mK  and  the  axial  chord 
(0.114  m)  to  obtain  the  Nusselt  number,  yields  values  of  2410  and 
2610  for  the  experiments  without  and  with  film  cooling,  respectively. 
The  average  film  effectiveness  of  15.3%  appears  to  be  rather  low. 
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Figure  10:  Time  Histories  from  Cooled  Run  #5 
a)  Heat  Transfer  and  Heat  Transfer  Coefficient 
b)  All  Relevant  Temperatures 
c)  Density  Ratio,  Blowing  Ratio,  Momentum  Ratio 
(Dashed  Lines  Indicate  Range  of  Useful  Data) 

In  low  speed  cascade  tests  with  one  closely  spaced  row  of  holes 
on  the  suction  side  of  a  large  scale  blade  model,  Ito  et  al.  (1978)  found 
comparably  low  values  for  film  effectiveness  for  similar  Momentum 


Ratios  and  gauge  locations.  Values  between  about  4%  and  17%  are 
found  for  gauge  locations  between  x/D=10  and  x/D=15  and 
Momentum  Ratios  between  1.0  and  2.3. 

An  error  analysis  for  the  method  presented  shows  that  the  heat 
transfer  coefficient  is  sensitive  to  bias  errors  in  temperature  and  heat 
transfer  measurement.  Therefore,  a  larger  scatter  in  the  experimental 
results  can  be  expected.  The  film  effectiveness  is  also  subject  to  higher 
scatter,  as  it  is  calculated  from  the  intercept  and  the  heat  transfer 
coefficient  Results  for  heat  transfer  coefficient  and  film  effectiveness 
are  shown  in  Table  2.  If  the  theoretical  value  for  Td  (4.2®C)  was  used 
instead  of  the  experimental  value  (6.9®C)  the  results  for  he  and  r] 
would  be  a  few  percent  higher. 


Run# 

11 

12 

13 

14 

15 

16 

17 

18 

^  2 
[W/in*“C] 

709 

623 

672 

715 

708 

704 

685 

675 

11 

[%] 

16.6 

12.0 

17.0 

16.6 

16.8 

14.6 

15.1 

13.5 

Table  2:  Riii>to-Run  Variation  of  aiidr| 


SHOCK  PASSING  DATA  ANALYSIS  AMD  RESULTS 

Shock  Passing  without  Film  cooling 

For  the  analysis  of  the  passing  shock  event  £q.  (2)  will  be 
rewritten  in  such  a  way  that  all  properties  that  are  a  function  of  time 
will  be  broken  down  into  a  mean  value  before  shock  impact  (no 
superscript)  and  a  time  varying  component  (superscript  0.  The 
unsteady  heat  flux  during  the  event  of  a  passing  shock  can  then  be 
expressed  in  terms  of  mean  and  fluctuating  components: 

q+q'  =(h+h')  •  (T,  +X  -Tw  )  (10) 

The  wall  temperature  does  not  change  during  the  short  duration  of  the 
shock  passing.  Expanding  the  right  hand  side  of  Eq.  (10)  yields: 

q+q'=h  (Tr  -T*  )+h'  (T,  -T*  j+h-T?  +h'  ’i;  (11) 

Subtracting  the  mean  heat  flux  on  both  sides  yields  the  fluctuating 
component  of  heat  transfer: 

q'  =h'  •  (T,  -T*  ) +h  •  i;  +h'  •  i;  (12) 

The  goal  of  this  investigation  is  to  determine  the  time  variation  of 
heat  transfer  coefficient  (hO  and  recovery  temperature  (T,0  during  the 
shock  event  which  constitute  the  three  components  of  unsteady  heat 
transfer  on  the  right  hand  side  of  Eq.  (12).  In  Fig.  11,  the  traces  of 
heat  flux  during  a  shock  passing  event  are  shown  for  different  runs. 
The  numbering  corresponds  to  the  run  numbers  in  the  steady  state 
experiments  (Table  1).  The  different  levels  of  heat  flux  before  the  run 
are  due  to  the  fact  that  the  shock  is  purposely  initiated  at  different 
times  during  the  run,  i.e.  at  different  temperature  levels.  Run  #10  is  not 
listed  in  Table  1  since  the  temperature  differences  were  intentionally 
kept  very  small  for  this  particular  experiment.  Therefore  h  and  Tj 
could  not  be  determined  from  this  run.  Ihe  time  history  of  heat  flux 
for  times  later  than  about  400  |is  is  of  no  interest  since  it  is  dominated 
by  the  interaction  of  shock  reflections  and  later  the  contact  surface 
emerging  from  the  shock  tube.  These  phenomena  are  not  observed  in 
the  engine.  Therefore,  this  investigation  focuses  on  the  impact  of  the 
first  shock  front  pnmarily. 
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Figure  11:  Heat  Flux  Traces  from  all  Uncooled  Experiments 


Figure  13:  Peak  Heat  Flux  vs.  (TrTw)  from  all  Uncooled  Experiments 


Jn  Fig.  12,  the  mean  components  of  heat  flux  have  been  removed, 
leaving  the  traces  of  q'  indicated  on  the  left  y-axis.  Apparently,  all  the 
fluctuating  components  of  heat  flux  are  similar. 
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Figure  12:  Unsteady  Heat  Flux  and  Recovery  Temperature  from  all 
Uncooled  Experiments 


The  first  term  on  the  right  hand  side  of  Eq.  (12),  h'*(T,-Tw), 
indicates  that  the  unsteady  heat  flux  (qO  is  a  function  of  the  overall 
temperature  difference  (Tf-Tw)  if  h'  is  significant.  If  q'  is  a  function  of 
(Tr-Tw),  then  the  maximum  or  peak  heat  flux  (q'nsa)  would  also  have 
to  be  a  function  of  this  temperature  difference.  In  Fig.  13  the  peak  heat 
flux  is  plotted  versus  (T^-Tw). 


Ibere  is  no  clear  correlation  between  the  two  variables.  Hence,  q'l^^ 
does  not  strongly  dependent  on  (Tf-Tw).  This  can  only  be  the  case  if  h' 
is  much  smaller  than  h.  Assuming  h'  to  be  negligible  and  dropping  all 
the  terms  containing  h"  on  the  right  hand  side  of  Eq.  (12),  leaves  an 
equation  for  the  unsteady  change  of  recovery  temperature 

X  =—  (13) 

ll 

Fig.  12  shows  the  time  histories  of  this  temperature  variation  indicated 
on  the  right  y-axis.  The  heat  transfer  coefficient  used  here  is  the  mean 
of  the  results  of  all  the  steady  experiments.  Since .  the  scatter  is 
relatively  small,  an  average  time  variation  of  recovery  temperature  is 
used  in  the  analysis  of  the  experiments  with  film  cooling. 

Shock  Passing  with  Film  cooling 

When  film  cooling  is  present,  Eq.  (12)  still  applies  with  the 
recovery  temperature  now  replaced  by  the  adiabatic  wall  temperature 

q'  =h;  •  (T.«  -T,  )+h,  X.+K-  X.  (14) 

Analogous  to  the  analysis  for  the  uncooled  case,  it  is  the  aim  of  this 
investigation  to  quantify  the  contribution  of  T'^w  h"’c  to  the  overall 
variation  of  heat  flux.  T\^  can  be  expressed  in  tenns  of  fluctuating 
components  of  recovery  temperature  (T',)  and  film  effectiveness  (liO 

t:.  ='ir(i-T\)-Ti'(T,-’i;)--n''ir  ds) 

A  further  question  of  interest  is  how  much  the  change  in  recovery 
temperature  and  film  effectiveness  affect  the  variation  of  T^w-  time 
variation  of  recovery  temperature  is  one  of  the  results  of  the  uncooled 
unsteady  investigation.  It  is  the  goal  of  this  investigation  to  determine 
the  contributions  of  T'r«  b'c*  and  T|'  to  the  unsteady  heat  transfer.  The 
coolant  temperature  is  considered  to  be  a  constant. 

Fig.  14  shows  the  pressure  traces  recorded  by  the  blade  mounted 
Kulite  pressure  transducer  for  representative  experiments  with  and 
without  film  cooling.  All  the  time  histories  of  static  pressure  are  very 
repeatable,  asserting  that  the  comparison  of  different  runs  is  possible. 
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Figure  14:  Pressure  Traces  from  Representative  Experiments 
with  and  without  Film  cooling 


Figure  16:  Variation  of  Heat  Flux  and  Adiabatic  Wall  Temperature 
from  all  Cooled  Experiments 


In  Fig.  15,  all  the  heat  flux  traces  at  shock  impact  arc  shown.  Again, 
the  differences  in  heat  flux  level  arc  due  to  different  temperature  levels 
at  the  time  of  the  shock  release.  Run  #19  is  not  Usted  in  Table  2. 
Intentionally,  the  temperature  differences  were  kept  very  small  and 
neither  heat  transfer  coefficient  nor  film  effectiveness  could  be 
determined  from  this  experiment. 


The  unsteady  heat  flux  as  expressed  in  Eq.  (14)  contains  the  term 
h'c*(T.w-Tw).  It  represents  the  first-order  term  of  the  contribution  of  h'c 
to  the  unsteady  heat  flux.  If  h'^  significant,  the  unsteady  heat  flux 
and  the  peak  unsteady  heat  flux  should  correlate  with  (T«w-Tw)> 
In  Fig.  17  the  peak  heat  flux  is  plotted  against  (T.w-Tw). 
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Figure  17;  Peak  Heat  Flux  vs.  (T.w-Tw)  from  all  Cooled  Experiments 


Figure  15:  Heat  Flux  Traces  from  all  Cooled  Experiments 

In  Fig.  16,  the  same  traces  are  shown  after  their  mean  values  before 
shock  impact  have  been  removed.  The  traces  of  unsteady  heat  flux 
with  and  without  film  cooling  (Figs.  16  and  12,  respectively)  are  very 
similar  in  terms  of  magnitude  and  shape.  Hence,  the  modes  of  heat 
transfer  for  both  cases  must  be  similar.  The  shock  does  not  seem  to 
influence  the  heat  transfer  coefficient  or  the  mixing  in  the  boundary 
layer  (t|)  in  any  significant  manner,  otherwise  these  time  histories 
would  have  to  appear  different  for  the  cases  with  and  without  film 
cooling.  Furthermore,  pictures  taken  with  the  high-speed  camera 
indicate  that  the  cooling-film  is  not  severely  affected  by  the  passing 
shock. 


There  is  no  strong  dependency  between  q',„..  and  (T.w-Tw)  evident 
This  can  only  be  the  case  if  is  of  minor  significance.  Neglecting  all 
the  terms  containing  h'^  in  Eq.  (14)  yields  a  relation  between  the 
fluctuating  components  of  T.w  and  q 

iTw  (16) 

"c 

The  traces  of  adiabatic  wall  temperature  calculated  from  Eq.  (16)  for 
all  the  runs  arc  shown  in  Fig.  16  scaled  on  the  right  y-axis.  The 
similarity  of  the  fluctuations  seems  to  allow  for  an  ensemble  averaging 
of  the  different  runs,  shown  in  Fig.  18.  Eq.  (15)  contains  an  expression 
for  the  contribution  of  T'V  to  the  variation  of  the  adiabatic  wall 
temperature 

X.=x-  (i--n)--n'  •  (T,  -X  )-^X  (15) 
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The  averaged  time  variation  of  and  the  first  term  on  the  right  side 
of  Eq.  (14)  (T/-(1-T|))  are  shown  in  Fig.  18.  For  the  time  variation  of 
recovery  temperature,  the  ensemble  average  from  the  uncooled  tests 
are  used.  The  film  effectiveness  used  is  the  averaged  result  from  the 
steady  film  cooled  experiments. 
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Figure  18:  Variation  of  T,w  and  the  Contribution  of  T, 


The  two  traces  are  of  very  similar  magnitude  and  shape.  This 
suggests  that  the  remaining  terms  on  the  right  side  of  Eq.  (14)  (t)' (Tr 
Tc)  and  ii'-TrO  are  small  and  consequently  Ti'  is  small.  It  has  to  be 
concluded  that  the  major  contribution  to  the  unsteady  heat  flux  is  the 
change  of  recovery  temperature.  The  variations  of  h,  he,  and  T|  have  to 
be  considered  secondary  effects.  For  the  uncooled  case  this  has  been 
stated  before  by  Moss  et  al.  (1995).  They  performed  on-rotor 
measurements  of  pressure  and  heat  flux.  Calculating  the  change  of 
relative  total  temperature  from  the  pressure  measurement  and 
assuming  a  constant  heat  transfix  coefficient  to  calculate  heat  transfer, 
they  found  very  good  agreement  between  this  calculation  and  the 
actual  measurement.  The  present  study  suggests  that  this  observation 
is  also  true  for  film  cooled  blades.  Extrapolating  to  engine  application, 
this  implies  that  the  time-averaged  increase  of  heat  transfer  caused  by 
passing  shocks  is  small  since  the  relative  total  temperature  is  by 
definition  varying  around  its  mean  value. 


CONCLJUSIONS 

An  experimental  setup  for  the  investigation  of  steady  and 
unsteady  heat  transfer  on  film  cooled  transonic  turbine  blades  was 
designed  and  built.  For  uncooled  blades,  one  experiment  in  the 
transient  facility  was  shown  to  be  sufficient  for  the  determination  of 
heat  transfer  coefficient  and  recovery  temperature.  For  film  cooled 
blades,  a  method  was  presented  to  obtain  heat  transfer  coefficient  and 
film  effectiveness  from  one  experiment. 

An  analysis  of  the  time  resolved  shock  passing  event  with  and 
without  film  cooling  showed  that  the  major  contribution  to  the 
unsteady  heat  transfer  is  due  to  the  fluctuation  of  recovery  temperature 
caused  by  the  shock.  Heat  transfer  coefficient  and  film  effectiveness 
were  shown  not  to  vary  significantly  during  the  interaction  of  the 
shock  with  the  blade  surface. 
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Comparison  of  Radiation  versus 
Convection  Calibration  of 
Thin-Film  Heat  Flux  Gauges 
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A  COMPARISON  OF  RADIATION  VERSUS  CONVECTION  CALIBRATION 
OF  THIN-FILM  HEAT  FLUX  GAUGES 
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Virgria  Ffelytechnic  Institute  and  Stale  Uhiveraty 
Backsburg,  VA24061 

Stephen  J.  He^ey 
Vatell  Corporaticri 
Qiristiansburg,  VA24073 


ABSTRACT 

A  transient,  in-si tu  method  was  examined  for  calibrating  thin-film 
heat  Aux  gauges  using  experimental  data  generated  from  both 
convection  and  radiation  tests.  Also,  a  comparison  is  made  between 
this  transient  method  and  the  standard  radiation  substitution  calibration 
technique.  Six  Vatell  Corporation  HFM-7  type  heat  flux  gauges  were 
mounted  on  the  surface  of  a  2-D,  first-stage  turbine  rotor  blade.  These 
gauges  were  subjected  to  radiation  from  a  heat  lamp  and  in  a  separate 
experiment  to  a  convective  heat  flux  generated  by  flow  in  a  transonic 
cascade  wind  tunnel.  A  second  set  of  convective  tests  were  performed 
using  jets  of  cooled  air  impinging  on  the  surface  of  the  gauges.  Direct 
measurements  were  simultaneously  taken  of  both  the  time-resolved 
heat  flux  and  surface  temperature  on  the  blade.  The  heat  flux  input 
was  used  to  predict  a  surface  temperature  response  using  a  one¬ 
dimensional,  semi-infinite  conduction  model  into  a  substrate  with 
known  thermal  properties.  The  sensitivities  of  the  gauges  were 
determined  by  correlating  the  semi-infinite  predicted  temperature 
response  to  the  measured  temperature  response.  A  finite-difference 
code  was  used  to  model  the  penetration  of  the  heat  flux  into  the 
substrate  in  order  to  estimate  the  time  for  which  the  semi-infinite 
assumption  was  valid.  The  results  from  these  tests  showed  that  the 
gauges  accurately  record  both  the  convection  and  radiation  modes  of 
heat  transfer.  The  radiation  and  convection  tests  yielded  gauge 
sensitivities  which  agreed  to  within  ±11%. 

NOIVENCXATURE 

Symbols 

C  ,  specific  heat  of  substrate  (J/kg-®C) 

HFM  heat  flux  microsensor  (temperature  and  heat  flux) 

HFS  heat  flux  sensor 

RTS  resistance  temperature  sensor 


SctHiv  convection  tests  gauge  sensitivity  (p V/W/cm^  ) 

S«ib  standard  substitution  gauge  sensitivity  (pV/W/cm^  ) 
Snui.bhKk;  radiation  tests  gauge  sensitivity  (pV/W/cm^) 

Snij.bcm:h  transient  tests  gauge  sensitivity  (p V/W/cm^ ) 

Sjct  impinging  jet  tests  gauge  sensitivity  (pV/W/cm^ ) 

Sin-wiu  in-situ  tests  gauge  sensitivity  (pV/W/cm^ ) 

Tajc  calculated  temperature  (®C) 

Texp  experimental  temperature  (®C) 

k  thermal  conductivity  of  substrate  (W/m-®C) 

calculated  heat  flux  (W/cm^) 

Qcxp  experimental  heat  flux  (W/cm^) 

t  time  (s) 

£  emissivity  of  coating  applied  to  gauges 

p  density  of  the  substrate  (kg/m^) 

X  time  allowance  for  semi-infinite  assumption  (s) 

ihrmoDUcnoN 

The  accurate  measurement  of  heat  flux  into  a  surface  is  very 
important  to  researchers  concerned  with  thermal  systems.  For 
example,  information  about  the  steady  and  unsteady  heat  transfer  into 
turbine  blades  is  in  high  demand  by  the  turbine  industry  and  its 
thermal  designers.  However,  the  difficulties  involved  in  measuring 
high-speed  thermal  phenomena  limit  the  available  information. 
Another  area  where  heat  flux  measurements  are  necessary  is  in  the 
determination  of  material  properties.  If  the  incident  heat  flux  on  a 
material  and  the  corresponding  temperature  rise  are  known,  the 
thermal  properties  of  that  material  may  be  determined.  These  are  only 
two  of  the  many  areas  in  which  heat  flux  measurements  are  critical. 
The  accurate  measurement  of  heat  flux  is  usually  a  challenge, 
however. 


One  difficulty  is  that  the  installation  of  a  gauge  on  a  surface  will 
always  result  in  a  disturbance  to  the  thermal  system  being  investigated. 
This  disturbance  can  be  minimized  if  the  thermal  resistance  of  the 
gauge  is  similar  to  that  of  the  material  in  which  it  is  embedded,  and  if 
the  area  to  thickness  ratio  of  the  gauge  is  large  enough  to  promote  one¬ 
dimensional  conduction  through  the  gauge.  Another  difficulty  in 
measuring  heat  flux  is  the  calibration  of  the  gauges.  Moffatt  (1995) 
said  that  errors  in  the  estimate  of  gauge  sensitivities  on  the  order  of 
±10%  are  reasonable  due  to  the  difficulties  involved  with  calibration. 
Moreover,  it  is  often  difficult  or  impossible  to  calibrate  a  gauge  once  it 
has  been  mounted  in  an  experimental  setup. 

One  of  the  present  methods  for  calibrating  heat  flux  gauges 
consists  of  a  substitution  technique  where  a  reference  gauge  is 
subjected  to  an  incident  radiation  heat  flux.  The  gauge  to  be  calibrated 
is  then  put  in  its  place  and  subjected  to  matched  conditions  and  a 
calibration  is  made  by  comparison  with  the  known  gauge.  In  addition 
to  the  substitution  calibration,  a  transient  in-sim  technique  can  be  used 
with  gauges  which  have  a  fast  response  time  provided  the  temperanire 
is  known  as  well  [Hager  et  al.,  1994].  It  has  been  shown  (Baker  and 
Diller,  1993)  that  the  surface  temperature  time  history  can  be 
calculated  from  the  time  history  of  the  measured  heat  flux.  This 
calculated  temperature  can  then  be  compared  with  the  transient 
measured  surface  temperature  to  calibrate  the  heat  flux  gauges. 

For  this  study,  six  heat  flux  microsensor  (HFM)  thin-film  gauges, 
produced  by  Vatell,  Inc.,  were  mounted  on  the  surface  of  a  first-stage 
turbine  rotor  blade  made  of  aluminum.  The  gauges  were  used  to 
measure,  simultaneously,  the  local  time-resolved  heat  flux  and  surface 
temperature.  Because  it  is  difficult  to  use  the  substitution  technique  on 
these  gauges  while  they  are  in  the  blade,  the  transient  calibration 
method  was  used.  A  different  set  of  free-standing  gauges  were 
exposed  to  a  radiative  flux  and  the  data  was  used  to  perform 
calibrations  using  both  the  substitution  and  the  transient  techniques.  A 
comparison  was  then  made  between  the  two  calibration  methods  for 
both  convection  and  radiation. 

ir«mo\iENrATioN 

Heat  Flux  MoDsensors 

The  HFM  is  composed  of  two  separate  sensors,  a  resistance 
temperature  sensor  (RTS)  and  a  heat  flux  sensor  (HFS).  The  HFS  uses 
a  passive  differential  thermopile  made  up  of  280  thermocouple  pairs  to 
generate  a  voltage  proportional  to  the  incident  heat  flux.  The  active 
area  of  the  HFM  is  4mm  in  diameter,  two  microns  thick,  and  is 
deposited  on  an  aluminum-nitride  substrate,  an  electrically  insulating 
material  with  thermal  properties  close  to  those  of  the  aluminum  blade. 
The  heat  flux  gauge  has  been  shown  to  have  a  time  response  on  the 
order  of  lOps  [Holmberg,  1995].  Hie  small  thickness-to-area  ratio  and 
the  thermal  properties  of  the  substrate  ensure  that  the  thermal 
disruption  caused  by  the  gauge  will  be  minimal. 

Two  different  types  of  HFM's  were  used  in  this  work:  HFM-7's 
and  HFM-6's.  The  difference  between  the  two  types  is  in  the  material 
which  is  used  to  form  the  thermocouple  pairs.  The  HFM-6  gauge  uses 
a  Nichrome/Platinum  thermocouple  pair  and  has  a  lower  sensitivity 
(S=30pV/W/cm^)  than  the  HFM-7  which  uses  a  Nichrome/Constantan 
pair  (S«150pV/W/cm^).  All  of  the  gauges  use  the  same  material  for 
the  substrate,  however.  The  six  gauges  mounted  in  the  aluminum 
blade  are  all  HFM-7’s  and  will  hereafter  be  referred  to  as  gauges  B1 
through  B6.  Of  the  five  gauges  used  in  the  substitution  experiments, 
two  are  HFM-7's  and  three  are  HFM-6’s.  These  gauges  will  hereafter 
be  referred  to  as  gauges  G7/1,  G7/2,  and  G6/1  through  G6/3, 
respectively. 

Blade  Instrumentation 


The  six  HFM  gauges  were  all  mounted  on  the  suction  side  surface 
of  a  generic  two-dimensional,  high-turning,  first-stage  turbine  rotor 
blade.  The  gauges  were  staggered  along  the  chord  of  the  blade  as  well 
as  along  its  span.  Each  of  the  gauges  was  press-fitted  flush  with  the 
surface  of  the  blade.  The  curvature  of  the  blade  made  using  the 
substitution  technique  extremely  difficult  and  the  press-fit  meant  that 
the  gauges  could  not  be  removed  from  the  blade  without  a  very  high 
possibility  of  incurring  damage  to  the  gauges.  Therefore,  the  transient 
technique  was  used  in-situ  to  calibrate  the  six  HFM's  embedded  in  the 
blade. 

SUBSTITUTION  CAUBRATIONS  OF  UNMOUNTED  GAUGES 


The  substitution  calibration  is  widely  used  in  research  and 
industry  for  the  calibration  of  heat  flux  gauges.  Its  use  in  the 
calibration  of  HFM’s  was  documented  by  Hager  et  al.  (1994).  The 
known  heat  flux  is  applied  to  the  gauge  and  the  voltage  output  can  be 
directly  calibrated  using  equation  (1). 
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The  reference  gauge,  a  circular-foil  gauge,  was  calibrated  by 
Vatell  Corp.  using  a  primary  standard  gauge  which  was  calibrated  by 
Nist.  After  calibration,  the  reference  gauge  has  an  expanded 
uncertainty  (95%  confidence  level)  quoted  as  ±  3%. 

The  substitution  technique  is  a  steady-state  calibration  which  uses 
a  reference  heat  flux  gauge  to  measure  the  incident  flux  from  a  heat 
lamp  and  then  substitutes  an  un-calibrated  gauge  for  the  known 
assuming  the  conditions  are  the  same.  An  accurate  calibration  using 
the  substitution  method  cannot  be  made  with  the  six  gauges  that  were 
already  embedded  in  the  blade.  The  curvature  of  the  blade  makes  it 
difficult  to  position  the  heat  lamp  the  same  with  respect  to  both  the 
reference  gauge  and  the  embedded  HFM.  Small  changes  in  the 
relative  positions  of  the  two  gauges  to  the  lamp  can  result  in  large 
calibration  errors,  since  the  incident  heat  flux  differs  with  the  exact 
orientation  of  the  lamp.  Therefore,  five  HFM  gauges  which  had  not 
been  mounted  in  the  blade  were  tested  instead  (G7/1-2  and  G6/1-3). 
The  sensitivities  of  three  of  these  gauges  (G6/1-3)  was  smaller  due  to 
the  different  materials  used  to  make  the  thermocouple  pairs  for  the 
HFS  and  RTS,  but  the  accuracy  of  the  sensitivity  estimate  was 
unaffected. 

The  reference  gauge,  a  circular-foil  heat  flux  gauge  painted  with  a 
high  enussivity  coating  (0.94),  was  exposed  to  a  heat  lamp  to 
determine  the  amount  of  heat  flux  generated  by  the  lamp.  Typical  heat 
flux  levels  were  on  the  order  of  14  W/cm^.  Both  the  lamp  and  the 
circular-foil  gauge  were  mounted  in  a  fixture  that  maintained  their 
relative  orientation  and  positioning.  The  five  HFM  gauges  were  also 
coated,  moimted  in  the  fixture,  and  then  exposed  to  the  heat  lamp  as  is 
shown  in  Fig.  1.  Six  tests  were  performed  on  each  gauge.  The  data 
generated  by  each  HFM  were  recorded  at  2000Hz.  Sensitivities 
determined  using  data  from  this  test  will  be  referred  to  as  S«ib- 
Because  all  gauges,  including  the  reference  gauge,  were  coated  with 
the  same  paint,  the  value  of  the  emissivity  did  not  affect  the 
calibrations. 
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Figure  1:  Radiation  Tests  for  Substitution  Method 


TRANSIENT  CALIBRATIONS 
Mathematical  Model 

The  transient  method  of  calibrating  heat  flux  gauges  was  used  to 
analyze  the  data  generated  by  all  of  the  tests  described  eaCrlier, 
including  the  substitution  bench  tests.  The  transient  calibration  makes 
use  of  the  fact  that  for  very  short  time  periods,  the  surface  heat  flux 
can  be  easily  calculated  from  the  surface  temperature  if  a  one¬ 
dimensional,  semi-infinite  model  is  assumed  [Diller,  1993].  The  time 
period  is  usually  a  fraction  of  a  second,  and  so  time-resolved 
temperature  measurements  must  be  taken  in  order  to  use  this  method 
of  calibration.  The  time  response  of  the  HFM  gauge  is  on  the  order  of 
lOps,  so  it  is  capable  of  providing  these  time-resolved  measurements 
for  both  the  surface  temperature  and  the  heat  flux  simultaneously. 
Baker  and  Diller  (1993)  developed  a  method  of  determining  surface 
temperature  from  heat  flux  using  a  Green’s  function  approach.  By 
assuming  the  substrate  to  be  initially  at  a  uniform  temperature,  T*, ,  and 
treating  the  series  of  heat  flux  data  points,  qj ,  as  impulses,  the  surface 
temperature  time  history  can  be  reconstructed  using  equation  (2), 

Taik;(tn)  “  '^a  =  /  /  X  “  V*"  ”  1 

Equation  (2)  shows  that  the  transient  technique  requires  that  the 
thermal  properties  of  the  substrate  be  known.  An  algorithm  was 
written  to  determine  the  sensitivity  of  the  HFS  by  minimizing  the 
temperature  difference  between  the  measured  and  calculated 
temperature  histories,  Tc*p  - 

Validity  of  1-D,  Semi-infinite  Assumption 

The  use  of  the  transient  method  is  dependent  upon  the  validity  of 
the  one-dimensional,  semi-infinite  conduction  model.  Therefore,  it  is 
necessary  to  determine  how  long  this  assumption  may  be  considered 
valid.  The  active  area  of  the  HFM  gauge  is  a  circle  4mm  in  diameter, 
the  HFS  (heat  flux  sensor)  occupies  the  center  of  that  area  and  the  RTS 
(resistance  temperature  sensor)  is  laid  down  in  a  ling  surrounding  it. 
The  HFS  and  the  RTS  are  located  close  enough  to  each  other  that  it 
might  be  assumed  that  they  measure  the  same  thermal  phenomena. 
The  two-dimensional  heat  transfer  effects,  however,  are  felt  first  at  the 
edge  of  the  sensor.  Therefore,  the  difference  of  the  temperature  at  this 
location  from  the  one-dimensional  model  is  the  limiting  case  for  the 
transient  calibration  technique.  A  two-dimensional  finite  difference 
conduction  code  was  written  to  model  the  penetration  of  a  step  input 
of  heat  flux  into  the  substrate.  The  code  was  used  to  determine  the 


maximum  time,  t,  for  which  the  one-dimensional,  semi-infinite 
assumption  was  valid. 

Ihc  parameters  used  in  the  code  are  shown  in  Fig.  2.  The  heat 
flux  step  input  of  10*  wW  used  is  typical  of  the  levels  measured 
during  heat^  runs  in  the  transonic  blowdown  wind  tunnel  and  of  the 
heat  lamp  used  in  the  radiation  bench  tests.  The  step  input  was  applied 
to  a  circular  area  with  a  diameter  approximately  four  times  that  of  the 
HFM  gauge.  This  area  is  the  same  size  as  that  of  the  heat  lamp,  which 
is  the  limiting  case  in  this  study  since  the  wind  tunnel  provides  a  flux 
over  a  larger  area  and  two-dimensional  heat  transfer  effects  are  felt 
much  later  in  time.  The  code  used  cylindrical  coordinates  to 
accurately  model  the  gauge,  and  the  thermal  properties  shown  in  the 
figure  were  used  for  both  the  gauge  and  the  surrounding  material.  The 
code  was  discretized  in  time  as  well  as  space;  a  mesh  size  of  0.4mm 
and  a  time  step  of  0.005s  were  chosen. 


«IO*W/m* 


Semi-lnnnite 


Semi-Inn  nite 


k  nluminum  >  k  neiuHir  m  165  W  /  m  K 
Cpttluminum«Cp»enMir  sTiSJ/h^K 
p  nluminum  ■  p  veniur  ■  3290  kg  /  m^ 


Figure  2:  Finite  Difference  Model 


The  time  history  of  the  RTS  surface  temperature  along  with  the 
solution  of  the  one-dimensional,  semi-infinite  conduction  model  can 
be  seen  in  Fig.  3.  As  time  progresses,  two-dimensional  effects  (radial 
heat  transfer)  are  seen  to  become  more  important  as  the  RTS 
temperature  diverges  from  the  one-dimensional  model.  A  time,  t,  was 
chosen  such  that  the  error  in  calculated  heat  flux  from  the  one¬ 
dimensional,  semi-infinite  model  was  less  than  5%.  For  the 
parameters  shown  in  Fig.  2.,  t  was  found  to  be  125ms. 
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Experiments 

In-situ  Transonic  Convection  Tests 

The  mounted  HFM’s  were  used  to  investigate  the  convective  heat 
transfer  into  a  turbine  blade,  using  the  convection  experiments 
performed  in  the  transonic  blowdown  wind  tunnel  at  Virginia  Tech.  A 
set  of  resistance  heaters  are  used  to  preheat  copper  tubes  located  in  the 
path  of  the  main  flow  upstream  of  the  test  section.  The  tubes  act  as  a 
passive  heat  exchanger  and  allow  the  flow  to  be  heated  to  higher 
(120®C)  temperatures  before  entering  the  cascade.  Figure  4  shows  the 
wind  tunnel  with  the  heating  loop  and  the  cascade  test  section.  The 
cascade  test  section  contains  four  full  blades  and  two  half  blades,  or 
five  flow  passages.  Figure  5  shows  the  location  of  the  instrumented 
blade  in  the  cascade  test  section.  The  heated  flow  passing  over  the 
instrumented  blade  provides  a  large  convective  heat  flux  to  the  gauges. 
Six  tunnel  runs  were  made  and  the  data  generated  by  each  gauge  was 
recorded  simultaneously.  The  HFM's  were  sampled  at  lOOHz  and 
filtered  using  a  low-pass,  one-pole  filter.  The  wind  tunnel  is  capable 
of  running  for  up  to  35s  with  the  inlet  total  pressure  controlled,  but 
only  a  very  small  fraction  of  the  data  recorded  by  the  HFM’s  is  needed 
for  the  transient  calibration.  An  important  point  to  note  is  that  the 
transient  calibration  technique  can  be  used  to  perform  an  in-situ 
calibration  each  time  a  tunnel  experiment  is  performed.  The 
calibration  performed  at  the  beginning  of  an  experiment  can  then  be 
compared  to  the  manufacturer’s  calibration  to  determine  if  the  gauge's 
calibration  has  drifted.  Sensitivities  determined  using  data  from  this 


{-100®C)  air  was  used  to  provide  a  large  negative  incident  heat  flux  to 
the  gauges.  These  experiments  required  that  the  blade  be  taken  out  of 
the  cascade  test  section.  The  jet  was  0.5  inches  in  diameter  and  was 
mounted  eight  diameters  from  the  blade  as  is  shown  in  Fig  6.  A  large 
tank  was  loaded  to  150  psi  and  used  to  supply  pressurized  air  for  the 
impinging  jet.  For  the  transient  technique,  the  incident  heat  flux  need 
not  be  known  if  it  is  assumed  to  be  uniform,  so  it  was  not  necessary  to 
measure  the  velocity  of  the  jets.  For  each  test,  a  shutter  placed 
between  the  gauge  and  the  jet  was  manually  removed  to  provide  a 
quick  increase  in  the  level  of  heat  flux.  The  response  of  the  HFM  to 
the  jet  was  recorded  at  lOOOHz  and  filtered  at  50Hz.  Separate  tests 
were  performed  for  each  gauge.  Sensitivities  determined  using  data 
from  this  test  will  be  referred  to  as  Sjei. 


Radiation  Bench  Tests  of  Gauges  in  Biade 

Another  set  of  radiation  bench  tests  was  performed  on  the  gauges 
in  the  instrumented  blade  after  it  had  been  removed  from  the  cascade 
test  section.  All  of  the  gauges  were  painted  with  a  high  emissivity 
coating  (c  =  0.94),  and  a  heat  lamp  was  used  to  subject  each  gauge  to 
an  incident  heat  flux  as  shown  in  Fig.  7.  The  heat  lamp  was  positioned 
directly  over  each  gauge  and  the  radiative  heat  flux  was  made  to 
simulate  a  step  input  by  using  a  manual  shuttering  mechanism;  once 
the  lamp  had  reached  its  full  illumination,  the  shutter  was  quickly 
removed  and  the  gauge  was  exposed  to  the  incident  flux.  Again,  it 
should  be  noted  that  when  using  the  transient  calibration,  the  incident 
heat  flux  does  not  need  to  be  a  known  value.  It  is  therefore  not 
necessary  to  position  the  lamp  in  the  exact  same  orientation  over  each 
gauge  as  was  required  with  the  substitution  method.  This  test  was 
performed  once  on  each  gauge  and  the  data  generated  by  each  HFM 
was  recorded  at  2000Hz,  unfiltered.  Sensitivities  determined  using 
data  from  this  test  will  be  referred  to  as 


Figure  5:  Cascade  Test  Section 


impinging  Jet  Bench  Tests 

In  addition  to  the  transonic  convection  experiments,  which  were 
performed  in  the  blowdown  wind  tunnel,  an  impinging  jet  with  cold 
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Radiation  Bench  Tests  of  Unmounted  Gauges 

The  data  generated  by  applying  radiative  heat  flux  to  the 
unmounted  gauges  as  described  earlier  in  the  substitution  experiments 
section  can  also  be  analyzed  using  the  transient  method.  To  do  this, 
data  was  sampled  at  2OOOH2,  unfiltered,  in  order  to  record  the  initial 
response  of  the  HFM  to  the  incident  heat  flux.  Sensitivities  determined 
using  data  from  this  test  will  be  referred  to  as  Smuw 


RESULTS 

A  comparison  of  the  substitution  calibration  method  with  the 
transient  method  was  done  first  to  determine  if  the  transient  method  is 
viable  as  a  calibration  technique.  The  data  generated  in  the  substitution 
experiments  were  analyzed  using  both  the  substitution  technique  and 
the  transient  technique.  The  material  properties  ([k  p  C]*'^  =  19,670  in 
SI  units)  used  in  the  transient  technique  are  10%  higher  than  those 
shown  in  Fig.  2  due  to  a  change  in  the  aluminum  nitride  supplier.  Six 
tests  were  performed  for  each  gauge.  The  calibration  results  for  both 
methods  can  be  seen  in  Table  1.  As  mentioned  earlier,  gauges  G6-1 
through  G6-3  are  of  a  different  HFM  type  and  so  the  magnitude  of 
their  sensitivities  are  smaller  than  those  of  the  other  gauges.  The 
difference  in  the  magnitude  of  sensitivity  between  HFM-Ts  and  HFM- 
6's  is  solely  a  function  of  the  thermocouple  materials  used.  The 
percentage  difference  between  the  substitution  and  the  transient 
sensitivities  were  all  less  than  13%.  Experimental  uncertainty  for  each 
gauge  was  calculated  by  establishing  a  90%  confidence  interval 
around  the  mean  of  the  six  tests  performed  using  a  student-t 
distribution. 


Table  1:  Results  of  Radiation  Calibrations 


Gauge  Number 

S„b(uV/W.cm^) 

G6-1 

18.01 

17.91  ±1.3% 

G6-2 

15.33 

16.58  ±7.3% 

G6-3 

25.50 

28.72  ±5.1% 

G7-1 

108.6 

111.33  ±9.7% 

G7-2 

189.05 

191  ±9.2% 

These  results  show  that  the  transient  calibration  technique  is  in 
excellent  agreement  with  the  substitution  technique  used  in  most 
calibrations  of  heat  flux  gauges. 

Since  the  transient  method  is  a  viable  calibration  method,  the 
suitability  of  convection  tests,  as  opposed  to  the  radiation  tests 
commonly  used,  was  investigated.  To  do  this,  two  different  sets  of 
convection  tests  were  performed  and  compared  to  a  radiation  bench 


test.  All  three  sets  of  tests  were  performed  on  the  HFM’s  embedded  in 
the  blade.  One  set  of  tests  was  performed  in  the  Virginia  Tech 
transonic  cascade  wind  tunnel.  Tbe  blade  was  then  removed  from  the 
test  section  and  the  two  bench  tests,  convection  using  a  cold  impinging 
jet  and  radiation  using  a  heat  lamp,  were  performed.  The  data  from  all 
three  sets  of  tests  were  analyzed  according  to  the  transient  calibration 
outlined  earlier.  Figure  8  is  a  plot  of  the  measured  heat  flux  and 
surface  temperature  along  with  the  calculated  surface  temperature  for  a 
sample  radiation  bench  test.  The  calculated  temperature  history  is  a 
smooth  curve  underlying  the  noisier  history  of  the  measured  surface 
temperature.  The  ckculated  temperature  has  less  noise  due  to  the 
integration  process  used  to  construct  it  (Baker  and  Oilier,  1993). 
Figure  8  shows  the  strength  of  the  transient  calibration  method;  the 
time  histories  of  the  measured  surface  temperature  and  the  calculated 
temperature  are  in  excellent  agreement,  which  they  should  be  if  an 
accurate  calibration  is  done. 


Figure  8:  Results  of  Transient  Calibration 

The  results  of  the  calibrations  performed  on  all  three  sets  of  tests 
can  be  seen  in  Table  2.  The  results  for  S^i,  and  Sjet  are  the 

mean  values  over  all  tests  for  each  gauge.  A  comprehensive  method 
of  determining  the  uncertainty  for  both  the  transient  radiation  and 
convection  calibration  was  sought.  In  order  to  remove  the  effects  of 
the  variations  in  mean  sensitivities  of  the  six  gauges,  the  entire  data  set 
for  each  gauge  (S^d,  and  Sja,  IliV/W  cm^])  was  divided  by  the 

common  mean  in  order  to  obtain  a  percentage.  This  procedure  was 
performed  on  all  six  gauges.  A  normal  distribution  was  assumed,  and 
the  uncertainty  in  the  transient  calibration  at  the  95%  level  of 
confidence  was  found  to  be  ±  11%. 


Table  2:  Results  of  Transient  Calibration 


SmI 

IBHIiH 

..  Sto  . 

B1 

264 

233 

274 

B2 

114 

105 

102 

B3 

148 

147 

146 

B4 

150 

129 

152 

B5 

177 

176 

177 

B6 

155 

153 

143 
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Accurate  calibrations  are  necessaiy  in  order  to  investigate  the 
thermal  phenomena  reported  by  heat  flux  gauges.  These  calibrations 
are  difficult  to  make  and  often  impossible  to  repeat  once  the  gauge  has 
been  installed  in  an  experimental  setup.  A  transient  method  of 
calibrating  thin-film  heat  flux  gauges  with  fast  time  responses  has 
been  shown  to  be  a  viable  calibration  technique.  The  strengths  of  the 
transient  calibration  technique  are  that  it  can  be  performed  in>situ,  the 
incident  heat  flux  need  not  be  known,  and  that  gauge  calibrations  can 
be  performed  at  the  start  of  each  run  if  an  appropriate  level  of  heat  flux 
is  present.  It  has  been  shown  that  the  transient  method  is  capable  of 
using  either  radiation  or  convection  as  the  mode  of  heat  transfer. 
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